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 Abstract 
 
Fuel ethanol production still represents many technological challenges, due mainly to the 
implicit complexity and costs of feedstock and other inputs. However, this process has 
been implemented at different scales, including the commercial one, through tax 
exemptions or subsides, which seek to lower production costs. In this thesis alternative 
feedstock, such as lignocellulosics wastes are discussed considering their production, 
advantages and drawbacks. The importance of conditioning and pretreatment as decisive 
process steps for conversion of feedstocks into ethanol is highlighted. Main methods for 
conditioning and pretreatmen are presented as well as the enzymatic procedures. The 
need of pretreatment of lignocellulosic biomass is analyzed considering the complexity of 
this type of raw material. The difficulties related to the enzymatic hydrolysis of cellulose 
are analyzed considering the enzyme complexes employed. Main fermentation and 
concentration technologies for ethanol production are discussed. Fuel ethanol production 
from lignocellulosic residues was evaluated considering techno-economic and 
environmental aspects. Different pretreatment technologies were evaluated by simulation 
and validated experimentally. Energy consumption was found to be the most contributing 
factor in process unfeasibility.  
 
Key words: Pretreatments, sugarcane bagasse, rice husk, coffee cut-stems, empty 
fruit bunches, Saccharomyces cerevisiae, economic assessment.  
 

 Resumen 
 
La producción de etanol aún representa retos tecnológicos, principalmente debido a la 
complejidad implícita y costo de las materias primas y otros insumos. Sin embargo, este 
proceso ha sido implementado a diferentes escalas, incluyendo la comercial, a través de 
exenciones o subsidios con el fin de disminuir el costo de producción. En esta tesis, 
materias primas alternativas, como lo son los residuos agroindustriales, son discutidas 
considerando sus ventajas y desventajas. Igualmente, se resalta La importancias del 
acondicionamiento y pretratamiento como etapas de proceso decisivas para su 
conversión en etanol. Los métodos principales de pretratamiento se presentan al igual los 
procedimientos enzimáticos. La necesidad de pretratamiento de la biomasa 
lignocelulósica es analizada considerando la complejidad de este tipo de materias 
primas. La dificultad relacionada a la hidrólisis enzimática de la celulosa es analizada 
considerando un complejo enzimático. Las principales tecnologías de fermentación 
también son discutidas. Finalmente, el proceso de  obtención de etanol a partir de 
residuos lignocelulósicos fue evaluado considerando aspectos tecno-económicos. Se 
encontró que el consumo energético es el factor más contribuyente en la poca factiblidad 
de este tipo de procesos. 
 
Palabras clave: Pretratamientos, bagazo de caña, cascarilla de arroz, zoca de café, 
raquis de palma, Saccharomyces cerevisiae, evaluación económica 
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 Introduction 
 
Worldwide high demand for energy, uncertainty of petroleum resources and concern 
about global climatic changes has led to the resurgence in the development of alternative 
liquid fuels. Ethanol has always been considered a better choice as it reduces the 
dependence on crude oil and promises cleaner combustion leading to a healthier 
environment. Developing ethanol as fuel beyond its current role of fuel oxygenate, would 
require lignocellulosics as a feedstock because of its renewable nature, abundance and 
low cost [1]. 
 
Fuel ethanol is the most employed liquid biofuel worldwide. A broad variety of plant 
materials containing the sugars required for fermentation process can be utilized for fuel 
ethanol production like sugar cane juice and cane or beet molasses. Starchy materials 
are also used for these purposes. The United States has become the first world producer 
of ethanol [2], which is produced from corn. Ethanol can be produced from lignocellulosic 
biomass as well. It is considered that lignocellulosic biomass is the most promising 
feedstock at mid term for ethanol production due to its availability and low cost. 
 
Many countries have implemented or are implementing programs for addition of ethanol 
to gasoline [2] or biodiesel to diesel. For instance, European Union has issued different 
directives about the addition of renewable oxygenates to fuels. The oxygenation target of 
fuels considered the addition of 2 wt.% by 2005 and 5.75 wt.% by 2010. However, the 
implementation of these directives varies too much among the different countries. Spain 
and France are leading the production of bioethanol in Europe. In contrast, Germany has 
developed the production of biodiesel from rapeseed. In this country, it is considered that 
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the production of fuel ethanol is not economically feasible in comparison to gasoline due 
to the high costs of feedstocks (grains, sugar beet) [3, 4].  
 
Colombian government has encouraged the utilization of renewable biofuels for national 
transport sector in order to achieve several goals: diminish the volume of polluting 
emissions improving the air quality in Colombian cities, reduce the dependence on fossil 
fuels through the decrease of diesel and gasoline imports, and boost the development of 
Colombian rural sector through the consolidation of agro-industrial chains for biofuels 
production. Colombian Congress issued the Act 693 of 2001, which made mandatory the 
utilization of fuel ethanol as a gasoline oxygenate [5]. In a similar way, the Act 939 of 
2004 [6] offers tax exemptions for both biodiesel production and oilseed cropping 
intended to the production of this biofuel. 
 
Most of the fuel ethanol produced in the world is currently obtained from starchy biomass 
or sucrose (molasses or cane juice), but the technology for ethanol production from non-
food plant sources is being developed rapidly so that large-scale production will be a 
reality in the coming years [7]. The production of ethanol from lignocellulosic biomass 
involves the different steps of pretreatment, hydrolysis (saccharification) and ethanol 
recovery [8]. Hydrolysis of biomass is essential to generate fermentable sugars which are 
then converted to ethanol by microbial action. Two methods, i.e. acid hydrolysis and 
enzymatic hydrolysis are primarily employed for biomass hydrolysis with varying 
efficiencies depending on treatment conditions, type of biomass and the properties of the 
hydrolytic agents. The former is a mature technology but with the disadvantages of 
generation of hazardous acidic waste and the technical difficulties in recovering sugar 
from the acid. The enzymatic method, however, is more efficient and proceeds under 
ambient conditions without generation of toxic wastes. Enzymatic method is under rapid 
development and has an immense potential for improving the cost and efficiency of the 
process [9]. Commercialization of ethanol production from lignocellulosic biomass is 
hindered mainly by the prohibitive cost of the currently available cellulase preparations – 
the enzymes used for saccharification [3]. Reduction in the cost of cellulases can be 
achieved only by concerted efforts which address several aspects of enzyme production 
from the raw material used for production to microbial strain improvement.  
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Raw materials containing sugars, or materials which can be transformed into sugars, can 
be used as fermentation substrates. The fermentable raw materials can be grouped as 
directly fermentable sugary materials, starchy, lignocellulosic materials and 
urban/industrial wastes. Direct fermentation of sugarcane, sugar beet and sweet sorghum 
to produce ethanol has also been reported [10, 11]. Sugar containing materials require 
the least costly pretreatment, while starchy, lignocellulosics and urban/industrial wastes 
need costly pretreatment, to convert into fermentable substrates [12]. Sugar containing 
materials, which can be transformed into glucose, can be used directly as fermentation 
substrates under anaerobic condition. Under this condition, glucose is converted to 
ethanol and carbon dioxide by glycolysis. The phosphorylation of carbohydrates is carried 
out through the metabolic pathway and the end products are two moles of ethanol and 
carbon dioxide [13]. 
 
High sugar content materials 
Other than sugarcane, sugar beet and sweet sorghum can be utilized as sources of sugar 
for ethanol production [14]. The potential of fodder beets juice for fermentation to ethanol 
was studied by Kosaric et al. [15] with two strains of yeast S. cerevisiae, S. diastaticus 
and K. marxianus and they found that 119.77 L absolute alcohol per metric tonnes of 
fodder beet can be produced. Smith and Buxton [16] reported that the average ethanol 
yields obtained from a two years study were above 3100 L/ha and ranged up to 5235 
L/Ha from different sweet sorghum varieties. On theother hand, Reddy and Reddy [17] 
reported a yield of 6106 L/ha from sweet sorghum while only 4680 L/ha from sugarcane 
was reported. This crop is ideally suited for semi-arid agro climatic regions and it gives 
reasonably good yield with minimum requirement of irrigation and fertilizer [18]. Lengthy 
growing period and high water requirement are the disadvantage in sugarcane 
(Saccharum officinarum) and sugerbeet (Beta vulgaris), in those areas where irrigation 
facilities are not available. These factors along with the comparative disadvantage of 
molasses (higher price and water and air pollution) are expected to increase the interest 
in sweet sorghum [17]. Sorghum stalks are ideal for ethanol production, as the ethanol 
from sorghum is significantly cleaner than that from sugarcane [18]. 
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Starchy materials 
Starch is very important and abundant natural solid substrate. Many microorganisms are 
capable to hydrolyse starch, but generally its efficient hydrolysis requires previous 
gelatinization. Some recent works concern the hydrolysis of the raw (crude or native) 
starch as it occurs naturally. Essentially starch is composed of two related polymers in 
different proportions according to its source: amylose (16–30%) and amylopectin (65–
85%). Amylose is a polymer of glucose linked by α-1,4 bonds, mainly in linear chains. 
Amylopectin is a large highly branched polymer of glucose including also α-1,6 bonds at 
the branch points. Within the plant, cell starch is stored in the form of granules located in 
amyloplasts, intracellular organelles surrounded by a lipoprotein membrane. Starch 
granules are highly variable in size and shape depending on the plant material. Granules 
contain both amorphous and crystalline internal regions in respective proportions of about 
30/70. During the process of gelatinization, starch granules swell when heated in the 
presence of water, which involves the breaking of hydrogen bonds, especially in the 
crystalline regions [19]. Many microorganisms can hydrolyse starch, especially fungi 
which are then suitable for simultaneous saccharification and fermentation (SSF) 
application involving starchy substrates. Glucoamylase, α-amylase, β-amylase, 
pullulanase and isoamylase are involved in the processes of starch degradation. Mainly α 
-amylase and glucoamylase are of importance for SSF. α -amylase is an endo-amylase 
attacking α-1,4 bonds in random fashion, which rapidly reduce molecular size of starch 
and consequently its viscosity producing liquefaction. Glucoamylase occurs almost 
exclusively in fungi including Aspergillus and Rhizopus groups. This exo-amylase 
produces glucose units from amylose and amylopectin chains. Microorganisms generally 
prefer gelatinised starch. But large quantity of energy is required for gelatinization so it 
would be attractive to use organisms growing well on raw (ungelatinised) starch. Different 
works have been dedicated to isolate fungi producing enzymes able to degrade raw 
starch [20-22]. 
 
Starchy materials require a reaction of starch with water (hydrolysis) to break down the 
starch into fermentable sugars (saccharification). Typically, mixing the starch with water to 
form slurry, this is then stirred and heated to rupture the cell walls. Specific enzymes that 
will break the chemical bonds are added at various times during the heating cycle [18].  
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Ethanol production from grain involves milling of grains, hydrolysis of starch to release 
fermentable sugar, followed by inoculation with yeast. Yeast cannot use starch directly for 
ethanol production. Therefore, grain starch has to be completely broken down to glucose 
by combining two enzymes, amylase and amyloglucosidase, before it is fermented by 
yeast to produce ethanol. Alcohol produced from fermented broth and remaining stillage 
is processed to produce Distiller’s Dried Grain and Soluble (DDGS), which is an excellent 
ingredient for animal feed [18]. 
 
Lignocellulosic materials 
The importance of a particular type of biomass depends on the chemical and physical 
properties of the large molecules from which it is made. The chemical structure and major 
organic components in biomass are important in the development of processes for 
producing derived fuel and chemicals. Biomass contains varying amounts of cellulose, 
hemicellulose, lignin and a small amount of extractive [23]. 
  
 
1. 0BLignocellulosics as Raw Materials for 
Ethanol Production 
Fuel ethanol has become one of the most studied biofuels during the last decade. Its use 
as a gasoline blender is growing up significantly. This rising demand has increased the 
interest of researchers and industrials for founding low cost feedstocks and developing 
more efficient processing technologies. Lignocellulosic biomass has being seen as the 
nearest future feedstock for ethanol production because of its low acquisition cost and its 
huge availability.  Moreover, using non-food raw materials, food security is not affected by 
this industry improving its social and environmental impacts.  
 
The bottle neck of lignocellulosic biomass is the pre-treatment cost for breaking its 
complex structure and the production of non-desired products that can inhibit the 
enzymes and microorganisms activities during hydrolysis and fermentation steps. 
However, some efforts have been made for overcoming these issues and process 
intensification has been shown as the most promising systems for fuel ethanol production. 
 
1.1 9BLIgnocellulosics composition 
 
Lignocelluloses are mainly comprised of cellulose, a polymer of six-carbon sugar, 
glucose; hemicellulose, a branched polymer comprised of xylose and other five-carbon 
sugars and lignin consisting of phenyl propane units. The presence of lignin limits the 
fullest usage of cellulose and hemicellulose.  
 
Hemicelluloses are complex polysaccharides that exist in association with cellulose in the 
cell wall. It is a mixture of polysaccharides, composed almost entirely of sugars such as 
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glucose, mannose, xylose and arabinose and methlyglucoronic and galaturonic acids, 
with an average molecular weight of 30,000. Lignins are highly branched, substituted, 
mononuclear aromatic polymers in the cell walls of the certain biomass, especially woody 
species, and are often adjacent to cellulose fibers to form a lignocellulosic complex [24]. 
 
In biomass, cellulose is generally the largest fraction, about 40–50% by weight and 
hemicellulose about 20–40% [25, 26]. For example, the sugarcane bagasse contains 
cellulose (40–50%), hemicellulose (20–30%), lignin (20–25%) and ash (1.5–3.0%). 
 
To convert these energy rich molecules into simpler forms, it is necessary to remove the 
lignin from lignocellulosic materials. A number of pretreatments such as concentrated acid 
hydrolysis [27], dilute acid hydrolysis [28], alkali treatment [29], sodium sulphite treatment 
[30, 31], sodium chlorite treatment [32], steam explosion [33], ammonia fiber explosion 
[34], lime treatment [35], and organic solvent treatment [36] have been used frequently to 
remove lignin and improve the saccharification of the cell wall carbohydrates. 
 
The production of ethanol from lignocellulosic material consists of mainly five different 
steps, namely pretreatment, (enzymatic) hydrolysis, fermentation, product separation, and 
post-treatment of the liquid fraction. The pretreatment is necessary to improve the rate of 
production and the total yield of monomeric sugars in the hydrolysis step. The conversion 
of hemicellulose and cellulose to monomeric sugars can be done chemically by acids or 
enzymatically by addition of cellulases (enzymes responsible for the hydrolysis of 
cellulose). The produced monomeric hexoses (six carbon sugars) can be fermented to 
ethanol quite easily, while the fermentation of pentoses (five carbon sugars) is only done 
by few strains. A problem occurring during the fermentation is that the formed product 
ethanol is an inhibitor for the yeasts/bacteria that perform the fermentation. This puts a 
limit to the concentration of fermentable sugars [37]. Furfural and other inhibitors like 
soluble lignin compounds also form a problem for the fermentation step, because such 
compounds can inhibit, or even stop the fermentation [38]. After the fermentation the 
ethanol must be recovered from the fermentation broth by distillation.  
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1.2 10BPretreatment Technologies 
 
Table 1-1 and Table 1-2 show some lignocellulosics and the pretreatments used for their 
transformation into fermentable sugars. 
 
1.2.1 15BMechanical pretreatment 
 
Milling (cutting the lignocellulosic biomass into smaller pieces) is a mechanical 
pretreatment of the lignocellulosic biomass. The objective of a mechanical pretreatment is 
a reduction of particle size and crystallinity. The reduction in particle size leads to an 
increase of available specific surface and a reduction of the degree of polymerization 
(DP). The milling causes also shearing of the biomass. 
 
The increase in specific surface area, reduction of DP, and the shearing, are all factors 
that increase the total hydrolysis yield of the lignocellulose in most cases by 5–25% 
(depends on kind of biomass, kind of milling, and duration of the milling), but also reduces 
the technical digestion time by 23–59% (thus an increase in hydrolysis rate). A particle 
size reduction below 40 mesh however has little effect on the hydrolysis yield as well as 
hydrolysis rate of the biomass [39]. 
 
As no inhibitors (like furfural and HMF (hydroxymethylfurfural)) are produced, milling is 
suited for ethanol production. It has however a high energy requirement [40, 41] and was 
found therefore not economically feasible as pretreatment. Taking into account the high 
energy requirements of milling and the continuous rise of the energy prices, it is likely that 
milling is still not economically feasible. 
 
  
 
Table 1-1: Main potential lignocellulosic materials for fuel ethanol production 
Raw material Pre-treatment References 
Almond shells 
 
Autohydrolysis and  dilute-acid hydrolysis [42] 
Barley straw 
 
Aqueous/steam fractionation [43] 
Corncobs 
 
Autohydrolysis [44] 
Corn fiber 
 
Acid hydrolysis and hot liquid water [45, 46] 
Corn stalks 
 
Aqueous/steam fractionation [43] 
Pine pulp 
 
Organosolv pre-treatment  [47] 
Pinus taeda 
 
Dilute acid with different acids (HCl, H2SO4, HNO3, and H3PO4). [48] 
Prosopis juliflora 
 
Dilute acid (Sulfuric acid) [49] 
Ragi (Eleusine coracana) 
 
Acid hydrolysis [50] 
Rice straw 
 
Dilute acid and dilute alkali [51] 
Spent-Sawdust 
 
Thermal dry treatment [52] 
Sugarcane bagasse 
 
Dilute acid hydrolysis and dilute alkali [51, 53] 
Willow 
 
SO2 with saturated steam [54] 
Woody slurry 
 
Hot compressed water [55] 
Yellow poplar sawdust 
 
Hot liquid water and dilute acid (sulphuric acid) [46] 
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Table 1-2: Summary of pre-treatment technology for lignocellulosic conditioning 
Pre-treatment Remarks References 
Mechanical pre-
treatment 
 
Promotes the reduction of the degree of polymerization. 
Total hydrolysis yield of the lignocellulose in most cases increase by 5–25% after this pre-
treatment. 
Reduces the technical digestion time by 23–59% thus increasing hydrolysis rate. 
No production of inhibitors. 
High energy requirements. 
 
[39-41] 
 
Thermal pre-treatments  
Above 180 ºC an exothermal reaction (solibilization) of the hemicellulose starts. 
Besides the solubilization of hemicellulose also occurs the solubilization of lignin. 
Produced compounds are almost always phenolic compounds and have in many cases an 
inhibitory or toxic effect. 
Severe pretreatment conditions promote the condensation and precipitation of soluble lignin, 
sometimes even with soluble hemicellulosic compounds like furfural and hidroxi methyl-furfural 
(HMF). 
Temperatures of 250 ºC and higher should be avoided during, for avoiding pyrolysis reactions. 
 
[56-67] 
Steam 
pretreatment/steam 
explosion (ST/SE)  
 
 
Requires high temperature (up to 240 ºC) and pressure. 
During steam pretreatment parts of the hemicellulose hydrolyze and form acids. 
Steam pretreatment includes a risk on production of compounds, like furfural, HMF, and soluble 
phenolic compounds. 
 
 
[38, 67-73] 
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Table 1-2:  (continued) 
Pre-treatment Remarks References 
Liquid hot water (LHW) 
 
 
pH should be kept between 4 and 7 for avoiding inhibitors formation. 
Catalytic degradation of sugars occurs in a series of reactions that are difficult to control and 
result in undesirable side products. 
Quantity of solubilized products is higher while the concentration of these products is lower 
compared to steam pre-treatment caused by the higher water input. 
The major advantage that the solubilized hemicellulose and lignin products are present in lower 
concentrations, 
There is a risk on degradation products like furfural and the condensation and precipitation of 
lignin compounds is reduced. 
Total hydrolysis yield of the lignocellulose increase by 2- to 5-fold. 
 
 
[38, 56, 74-
76] 
Chemical pre-treatments   
 
Acid pre-treatment 
 
 
The solubilization of hemicellulose and precipitation of solubilized lignin are more pronounced 
during strong acid pretreatment compared to dilute acid pre-treatment. 
The advantage of acid pretreatment is the solubilization of hemicellulose. 
There is a risk on the formation of volatile degradation products. 
Strong acid pretreatment is not attractive for the ethanol production, because there is a risk on 
the formation of inhibiting compounds and equipment depletion is more relevant. 
Dilute acid pretreatment is considered as one of the promising pretreatment methods, because 
secondary reactions during the pretreatment can be avoided. 
 
 
 
[41, 77, 78] 
. 
 
Alkaline pretreatment  
First reactions taking place are solvation and saphonication. 
The temperature is kept low during extraction (room temperature or lower) to prevent peeling. 
Lower molecular compounds are formed and there is a risk on degradation and loss of carbon 
Biomass on itself consumes some of the alkali. 
Crystalline state of the cellulose can be modified and these effects can lower the positive effects 
of lignin removal and cellulose swelling. 
 
 
[37, 38, 59, 
63] 
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Table 1-2: (continued) 
Pre-treatment Remarks References 
Oxidative pre-treatment 
 
 
Uses oxidizing compound like hydrogen peroxide or peracetic acid. 
In many cases oxidant is not selective and therefore losses of hemicellulose and cellulose can 
occur. 
Peracetic acid is very lignin selective and no significant carbohydrate losses occurred. 
The enzymatic hydrolysis of the cellulose increased from 6.8% to a maximum of about 98% at a 
21% peracetic acid pre-treatment. 
 
 
[37, 79] 
 
Pre-treatment Combinations 
  
Thermal and acid pre-
treatments 
 
An external acid catalyzes the solubilization of the hemicellulose. 
External acid lowers the optimal pretreatment temperature and gives a better enzymatic 
hydrolysable substrate. 
Hemicellulose and lignin can trigger reorientation of cellulose to a more crystalline form  
Appreciable production of furfural occurs. 
 
 
[59, 67, 80, 
81] 
Thermal and alkaline 
pre-treatments 
 
Temperatures of 100–150 ºC with lime addition of approximately 0.1 g Ca(OH)2 g substrate. 
This treatment is sufficient to increase the digestibility of low-lignin containing biomass, but not 
for high lignin containing biomass. 
 
 
[82-84] 
 
Thermal and oxidative 
pre-treatments 
 
Uses peracetic acid and steam treated at 231 ºC for 10 min. 
The soluble sugars produced are mainly polymers 
Phenolic monomers are no end products during wet-oxidation but are further degraded to 
carboxylic acids. 
Production of furfural and HMF is low during wet-oxidation. 
Part of the hemicellulose is lost by reaction to carbon dioxide and water. 
 
 
[85, 86] 
 
Thermal and alkaline 
oxidative pre-treatments 
 
Low sugar degradation is observed, as a result of the relative low temperature of 150 ºC. 
Digestibility of the treated biomass is 13 times higher than for the untreated biomass. 
 
[82, 87] 
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Table 1-2: (continued) 
Pre-treatment Remarks References 
Ammonia and carbon 
dioxide pre-treatment 
(AFEX) 
 
 
Ammonia loadings around 1:1 (kg ammonia/kg dw biomass) at ambient temperature during 10–
60 days, or temperatures of up to 120 ºC for few minutes. 
Enzymatic hydrolysis yield of the lignocellulose increase by six-fold and a 2.5-fold ethanol yield 
after pre-treatment. 
Carbon dioxide can be also applied as supercritical carbon dioxide (35 ºC, 73 Bars), increasing 
the glucose yield of bagasse with 50– 70%, 14 % for yellow pine and 70% for aspen. 
 
 
[88, 89] 
 
 
 
 
 
 
  
 
1.2.2 16BThermal pre-treatment 
 
During this pre-treatment the lignocellulosic biomass is heated. If the temperature 
increases above 150–180 ºC, parts of the lignocellulosic biomass, firstly the 
hemicelluloses and shortly after that lignin, will start to solubalize [56, 57]. The 
composition of the hemicellulose backbone and the branching groups determine the 
thermal, acid and alkali stability of the hemicellulose. From the two dominant components 
of hemicelluloses (xylan and glucomannan), the xylans are thermally the least stable, but 
the difference with the glucomannans is only small. Above 180 ºC an exothermal reaction 
(probably solibilization) of the hemicellulose starts [58]. This temperature of 180 ºC is 
probably just an indication of the temperature at which an exothermal reaction of the 
hemicellulose starts, because the thermal reactivity of lignocellulosic biomass depends 
largely on its composition [37]. 
 
During thermal processes a part of the hemicellulose is hydrolyzed and forms acids. 
These acids are assumed to catalyze the further hydrolysis of the hemicellulose [59]. Liu 
and Wyman [60] and Zhu et al. [61] conclude that other, so far unknown, factors than the 
catalyzing effect of in situ formed acids play a role in the solubilization of hemicellulose. 
 
Thermal pretreatment at temperatures of 160ºC and higher, can cause both solubilization 
of hemicellulose and lignin. The produced compounds are almost always phenolic 
compounds and have in many cases an inhibitory or toxic effect on bacteria and yeast 
[63]. These soluble lignin compounds are very reactive and will, if not removed quickly, 
recondensate and precipitate on the biomass [60]. Especially too severe pretreatment 
conditions promote the condensation and precipitation of soluble lignin compounds, 
sometimes even with soluble hemicellulosic compounds like furfural and HMF [64-66]. 
 
Heat pretreatment, in which soluble hemicellulose and lignin compounds are formed, has 
the risk of formation of phenolic and heterocyclic compounds, like vanillin, vanillin alcohol, 
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furfural and HMF, especially in acidic environments [41]. Laser et al. [38] exposed that 
ethanol production is almost completely inhibited at solid concentration equal or higher to 
3% and when the temperature exceede 220ºC even for short pretreatment times (2 min), 
due to formation of furfural and other compounds (probably soluble lignin compounds). 
 
Temperatures of 250 ºC and higher should be avoided during pretreatment, as unwanted 
pyrolysis reactions start to take place at such temperatures [67]. According to Weimer et 
al. [90], thermal pretreatment can also cause an increase of the Crystallinity Index of 
cellulose, although no increase is observed when the crystalliunity is already high. 
 
1.2.2.1 17BSteam pretreatment/steam explosion (ST/SE) 
 
During steam pretreatment the biomass is put in a large vessel and steam with a high 
temperature (temperatures up to 240 ºC) and pressure, is applied for few minutes. After a 
set time, the steam is released and the biomass is quickly cooled down. The objective of 
a steam pretreatment/steam explosion is to solubalize the hemicellulose to make the 
cellulose better accessible for enzymatic hydrolysis and to avoid the formation of 
inhibitors. The difference between ‘steam’ pretreatment and ‘steam explosion’ 
pretreatment is the quick depressurization and cooling down of the biomass at the end of 
the steam explosion pretreatment, which causes the water in the biomass to ‘explode’. 
 
During steam pretreatment parts of the hemicellulose hydrolyze and form acids, which 
could catalyze the further hydrolysis of the hemicellulose. This process, in which the in 
situ formed acids catalyze the process itself, is called ‘auto-cleave’ steam pretreatment. 
The role of the acids, is probably however not to catalyze the solubilization of the 
hemicellulose, but to catalyze the hydrolysis of the soluble hemicellulose oligomers [68]. 
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During steam pretreatment the moisture content of the biomass influences the needed 
pretreatment time. The higher the moisture content, the longer the optimum steam 
pretreatment times [67]. Low pressure steam pretreatment (2 bars, 120 ºC, and pre-
treatment times up to 300 min) do not have a large effect on the composition of the wheat 
straw according to Lawther et al. [69], however, no enzymatic conversion step was carried 
out for determining the effect on the digestibility. 
 
Steam pretreatment includes a risk on production of compounds, like furfural, HMF, and 
soluble phenolic compounds. A way to minimize the hemicellulose degradation during 
steam pre-treatment is by separating the biomass from the condensate during the 
pretreatment by keeping the pH between 5 and 7 during the pretreatment by the addition 
of an external alkali [46, 75], or by applying a two-step steam pretreatment. It is however 
not clear if the higher ethanol yields out weigh the additional costs of a second 
pretreatment step [70, 71]. 
 
The positive effect of steam pretreatment is mostly due to removal of a large part of the 
hemicellulose, causing an increase of cellulose fiber reactivity, probably because the 
cellulose is easier accessible for the enzymes [38, 72, 73]. The degradation of pentoses 
to furfural during the steam pretreatment results in a loss of carbon for the ethanol 
production. Steam pretreatment includes a risk on condensation and precipitation of 
soluble lignin components, making the biomass less digestible and then reducing the 
ethanol production. 
 
1.2.2.2 18BLiquid hot water (LHW) 
 
A different thermal pretreatment is the ‘liquid hot water’ pretreatment. In this case liquid 
hot water (LHW) is used instead of steam. The objective of the liquid hot water is to 
solubalize mainly the hemicellulose to make the cellulose better accessible and to avoid 
the formation of inhibitors, for this pH should be kept between 4 and 7 during the 
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pretreatment. Maintaining the pH between 4 and 7 minimizes the formation of 
monosaccharides, and therefore also the formation of degradation products that can 
further catalyze hydrolysis of the cellulosic material during pretreatment [74, 75]. If 
catalytic degradation of sugars occurs it results in a series of reactions that are difficult to 
control and result in undesirable side products. 
 
A difference between the LHW and steam pretreatment is the amount and concentration 
of solubilized products. In a LHW pre-treatment the amount of solubilized products is 
higher while the concentration of these products is lower compared to steam pre-
treatment [75]. This is probably caused by the higher water input in LHW pretreatment 
compared to steam pretreatment. The yield of solubilized (monomeric) xylan is generally 
also higher for LHW pretreatment; though this result diminishes when the solid 
concentration increases, because (monomeric) xylan is then further degraded by 
hydrolytic reactions [38]. 
 
Liquid hot water has as major advantage that the solubilized hemicellulose and lignin 
products are present in lower concentrations, when compared to steam pretreatment, due 
to higher water input. Due to these lower concentrations the risk on degradation products 
like furfural and the condensation and precipitation of lignin compounds is reduced. Weil 
et al. [76] had a 2- to 5-fold increase in enzymatic hydrolysis of their substrate after LHW 
pretreatment. 
 
1.2.3 19BChemical treatment 
 
1.2.3.1 20BAcid pre-treatment 
 
Pretreatment of lignocellulose with acids at ambient temperature are done to enhance the 
anaerobic digestibility. The objective is to solubilize the hemicellulose, and by this, making 
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the cellulose better accessible. The pretreatment can be done with dilute or strong acids. 
The main reaction that occurs during acid pretreatment is the hydrolysis of hemicellulose, 
especially xylan as glucomannan is relatively acid stable. Solubilized hemicelluloses 
(oligomers) can be subjected to hydrolytic reactions producing monomers, furfural, HMF 
and other (volatile) products in acidic environments [41]. During acid pretreatment 
solubilized lignin will quickly condensate and precipitate in acidic environments [60]. The 
solubilization of hemicellulose and precipitation of solubilized lignin are more pronounced 
during strong acid pretreatment compared to dilute acid pretreatment. Xiao and Clarkson 
[77] showed that the addition of nitric acid during acid pretreatment has a remarkable 
effect on the solubilization of lignin of newspaper. 
 
The advantage of acid pretreatment is the solubilization of hemicellulose and by this, 
making the cellulose more easily accessible for the enzymes. There is however a risk on 
the formation of volatile degradation products and this carbon is in many cases lost for the 
conversion to ethanol. The condensation and precipitation of solubilized lignin 
components is an unwanted reaction, as it decreases digestibility.  
 
Strong acid pretreatment is not attractive for the ethanol production, because there is a 
risk on the formation of inhibiting compounds. Dilute acid pretreatment however is 
considered as one of the promising pretreatment methods, because secondary reactions 
during the pretreatment can be diminished in dilute acid pretreatment. 
 
1.2.3.2 21BAlkaline pretreatment 
 
During alkaline pretreatment the first reactions taking place are solvation and 
saphonication. This causes a swollen state of the biomass and makes it more accessible 
for enzymes and bacteria. At ‘strong’ alkali concentrations dissolution, ‘peeling’ of end-
groups, alkaline hydrolysis and degradation and decomposition of dissolved 
polysaccharides can take place. Loss of polysaccharides is mainly caused by peeling and 
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hydrolytic reactions. This peeling is an advantage for later conversion, but, because lower 
molecular compounds are formed, the risk on degradation and loss of carbon, in the form 
of carbon dioxide, also increases [37]. 
 
Xylan can be selectively removed with aqueous potassium hydroxide. The temperature is 
kept low during extraction (room temperature or lower) to prevent peeling. Glucomannans 
and xylans can both be subject of the peeling reaction [37]. This is not a problem, but the 
higher the monomeric hemicellulose fraction, the lower the total recovery of the 
hemicellulose [38]. An important aspect of alkali pretreatment is that the biomass 
consumes some of the alkali. The residual alkali concentration after the alkali 
consumption by the biomass is the alkali concentration left over for the reaction [63]. 
 
Alkali pretreatment can also cause solubilization, redistribution and condensation of lignin 
and modifications in the crystalline state of the cellulose. These effects can lower or 
counteract the positive effects of lignin removal and cellulose swelling [59]. Another 
important aspect of alkaline pretreatment is the change of the cellulose structure to a form 
that is denser and thermodynamically more stable than the native cellulose.  
 
The removal of hemicellulose has a positive effect on the degradability of cellulose. There 
is however often a loss of hemicellulose to degradation products and the solubilized lignin 
components often have an inhibitory effect. The loss of fermentable sugars and 
production of inhibitory compounds makes the alkaline pretreatment less attractive for the 
ethanol production. The chance on soluble lignin components is a risk, because soluble 
lignin compounds are often inhibiting. 
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1.2.3.3 22BOxidative pretreatment 
 
An oxidative pretreatment consists of the addition of an oxidizing compound, like 
hydrogen peroxide or peracetic acid, to the biomass, which is suspended in water. The 
objective is to remove the hemicellulose and lignin to increase the accessibility of the 
cellulose. During oxidative pretreatment several reactions can take place, like electrophilic 
substitution, displacement of side chains, cleavage of alkyl aryl ether linkages or the 
oxidative cleavage of aromatic nuclei [37]. In many cases the used oxidant is not selective 
and therefore losses of hemicellulose and cellulose can occur. A high risk on the 
formation of inhibitors exists, as lignin is oxidized and soluble aromatic compounds are 
formed. 
Teixeira et al. [79] have investigated the use of peracetic acid at room temperature as a 
pretreatment method for hybrid poplar and sugar cane bagasse. Peracetic acid is very 
lignin selective and no significant carbohydrate losses occurred. The enzymatic hydrolysis 
of the cellulose increased from 6.8% (untreated) to a maximum of about 98% (pretreated) 
at a concentration of 21% peracetic acid. Teixeira et al. [79] showed similar results for 
digestibility using a mixture of NaOH and peracetic acid. The yields during experiments 
carried out at ambient temperature were higher as compared to higher temperatures. 
 
Gould [91] used H2O2 for delignification with a maximum at pH 11.5. No substantial 
delignification occurred below a pH of 10.0. Hydrogen peroxide had no real effect on the 
enzymatic digestibility at a pH 12.5 or higher. According to Gould [91] the hydrogen 
peroxide concentration should be at least 1% and the weight ratio between H2O2 and 
biomass should be 0.25 for a good delignification. The delignification is probably caused 
by the hydroxyl ion (HO-), which is a degradation product of hydrogen peroxide with a 
maximum at pH 11.5–11.6. About half of the lignin was solubilized in this way 
(temperature around 25 ºC during 18–24 h). 
 
Chapter 1 21 
 
During an oxidative pretreatment often a lot of sugars get lost, because of non-selective 
oxidation. Also soluble lignin compounds are formed, which can be inhibiting in the 
subsequent conversion step of the hemicellulose to ethanol 
 
1.2.4 23BCombinations 
 
1.2.4.1 24BThermal pretreatment in combination with acid 
pretreatment 
 
A way to improve the effect of thermal steam or LHW pretreatment is to add an external 
acid. This addition of an external acid catalyzes the solubilization of the hemicellulose, 
lowers the optimal pretreatment temperature and gives a better enzymatic hydrolysable 
substrate [59, 67]. The lignocellulose is often impregnated (soaked) with SO2 or H2SO4. 
During steam pretreatment the SO2 is converted to H2SO4 in the first 20 seconds of the 
process; after that, the catalytic hydrolysation of the hemicellulose starts. Another 
important point is that gradual removal of hemicellulose and lignin can trigger 
reorientation of cellulose to a more crystalline form [59]. Latter is true for every 
pretreatment that gradually removes hemicellulose and lignin. The effect of the added 
acid is however still not clear. Tengborg et al. [81] showed a severe inhibition in the 
ethanol production step after a combined pretreatment. This is in line with the conclusion 
of Grohmann et al. [80] that during steam pretreatment at temperatures of 160 ºC and 
higher with 0.5% sulfuric acid addition an appreciable production of furfural occurs. 
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1.2.4.2 25BThermal pretreatment in combination with alkaline 
pretreatment 
 
Another way to improve the thermal pretreatment is to add an external alkali instead of an 
acid to the process. A very common alkaline thermal pretreatment is lime pretreatment. 
This pretreatment is usually carried out at temperatures of 100–150 ºC with lime addition 
of approximately 0.1 g Ca(OH)2 g substrate [82]. Chang and Holtzapple [39] attributed the 
effectiveness of lime pretreatment to the opening of the ‘acetyl valve’ and partly opening 
the ‘lignin valve’, making the substrate more accessible to hydrolysis. According to Kaar 
and Holtzapple [92], lime pretreatment (with heating) is sufficient to increase the 
digestibility of low-lignin containing biomass, but not for high lignin containing biomass. 
Chang et al. [82] mentioned that lime pretreatment of switchgrass and corn stover did not 
inhibit the enzymatic saccharification and fermentation steps. Pretreated softwood, 
however, was washed before the enzymatic saccharification and fermentation step to 
prevent possible inhibiting by the solubilized lignin. A positive effect of lime is that it is 
relatively cheap and safe [83] and the calcium can be recovered as insoluble calcium 
carbonate by the reaction with carbon dioxide. This calcium carbonate can be converted 
to lime again with the lime kiln technology [84]. 
 
1.2.4.3 26BThermal pretreatment in combination with oxidative 
pretreatment 
 
Ando et al. [85] mentioned that the saccharification of cedar, soaked in peracetic acid and 
steam treated at 231 ºC for 10 min, was directly proportional to the amount of peracetic 
acid adsorbed in the chips. Wet-oxidation is another oxidative pretreatment method, 
which uses oxygen as oxidator. The soluble sugars produced during wet-oxidation 
pretreatment of wheat straw are mainly polymers opposite to the monomers produced 
during steaming or acid hydrolysis as pretreatment. Phenolic monomers are no end 
products during wet-oxidation but are further degraded to carboxylic acids. Also the 
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production of furfural and HMF is low during wet-oxidation, but part of the hemicellulose is 
lost by reaction with carbon dioxide and water [86]. 
 
1.2.4.4 27BThermal pretreatment in combination with alkaline 
oxidative pretreatment 
 
According to Chang et al. [82] thermal lime pretreatment is not capable of removing 
enough lignin of high-lignin biomass to enhance the enzymatic digestibility and therefore 
oxygen as oxidant must be included during the pretreatment. Low sugar degradation was 
observed, probably as a result of the relative low temperature of 150°C, applied during the 
pretreatment. The enzymatic digestibility of the treated biomass was 13 fold higher than 
for the untreated biomass. The pretreated biomass was, however, washed to remove the 
probably produced inhibiting soluble lignin compounds [84]. After the oxidative lime 
pretreatment about 21% of the added lime could be recovered by carbon dioxide 
carbonation [87]. 
 
1.2.4.5 28BAmmonia and carbon dioxide pretreatment 
 
Other pretreatment agents are ammonia and carbon dioxide. The objective of the 
ammonia pretreatment (also called AFEX pretreatment).  
 
Ammonia fiber expansion (AFEX) offers an effective pretreatment technology for 
recalcitrant lignocellulosic materials [93, 94]. This physiochemical method has been 
shown to improve substrate digestibility several fold through the decrystallization of 
cellulose, the partial depolymerization of hemicellulose, and the cleavage of lignin 
carbohydrate complex linkages [95]. 
 
24 Design and Evaluation of Fuel Alcohol Production from Lignocellulosic 
 
The ammonia pretreatment is conducted with ammonia loadings around 1:1 (kg 
ammonia/kg dw biomass) at temperatures ranging from ambient temperature up to 120 
ºC for several minutes [88, 96]. Alizadeh et al. [88] reported a six-fold increased 
enzymatic hydrolysis yield and a 2.5-fold ethanol yield after pretreatment. Kim and Lee 
[96] and Bariska [97] mentioned that swelling of the cellulose and delignification are the 
responsible factors for the increased yield. 
 
Carbon dioxide pretreatment is conducted with high-pressure carbon dioxide at high 
temperatures of up to 200 ºC with for several minutes. Explosive steam pretreatment with 
high-pressure carbon dioxide causes the liquid to be acidic and this acid hydrolyses 
especially the hemicellulose [98]. Carbon dioxide has been also applied at supercritical 
conditions (35 ºC, 73 Bars), increasing the glucose yield of bagasse in 50 to 70% [99], 
14% for yellow pine and 70% for aspen [89]. This increment is probably caused by 
increase in pore size. 
 
1.3 11BHydrolysis  
 
1.3.1 29BEnzymatic hydrolysis  
 
Microbial degradation of lignocellulosic waste and the downstream products resulting from 
it is accomplished by the action of several enzymes, the most important of which are the 
cellulases. For microorganisms to hydrolyze and metabolize, insoluble cellulose, 
extracellular cellulases must be produced which are either free or cell associated. Three 
major types of cellulase activities are recognized [100]. 
 
(1) Endoglucanases (1,4-β-D-glucanohydrolases) 
(2) Exoglucanases 
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(a) Cellodextrinases (1,4-β-D-glucan glucanohydrolases) 
(b) Cellobiohydrolases (1-β-D-glucan cellobiohydrolases) 
(3) β -Glucosidases (β -glucoside glucohydrolases) 
 
Endoglucanases cut at random the internal amorphous sites in the cellulose 
polysaccharide chain generating oligosaccharides of various lengths and consequently 
shorter chains appear. Exoglucanases act in a processive manner on the reducing and 
non-reducing ends of the cellulose chains liberating either glucose (glucanohydrolases) or 
cellobiose (cellobiohydrolase) as major products.  Exoglucanases can also act on 
microcrystalline cellulose peeling of cellulose chains from the microcrystalline structure 
[101]. β -Glucosidases hydrolyze soluble cellodextrins and cellobiose to glucose. The 
cellulase system of Trichoderma reesei consists of at least two exoglucanases, five 
endoglucanases and two β-glucosidases. 
 
In addition to three major groups of cellulase enzymes, there are also a number of 
ancillary enzymes that attack hemicellulose, such as glucuronidase, acetylesterase, 
xylanase, β-xylosidase, galactomannanase and glucomannanase [102]. 
 
The enzymatic hydrolysis of lignocellulose is limited by several factors. Several 
researchers conclude that crystallinity of cellulose is just one of the factors. Other factors 
are degree of polymerization (DP), moisture content, available surface area and lignin 
content [39, 103-105]. Caulfield and Moore [106] mentioned that decrease particle size 
and increase available surface rather than crystallinity affect the rate and extent of the 
hydrolysis. Zhang and Lynd [107] mentioned that a slower conversion of crystalline 
cellulose as compared to amorphous cellulose, would increase the percentage 
crystallinity of the hydrolyzed biomass. This trend however has not been confirmed. Other 
researchers like Grethlein [108], Grous et al. [109] and Thompson et al. [110] concluded 
that the pore size of the substrate in relation to the size of the enzymes is the main 
limiting factor in the enzymatic hydrolysis of lignocellulosic biomass. Removal of 
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hemicellulose increases the mean pore size of the substrate and therefore increases the 
probability of the cellulose to get hydrolyzed [59, 108, 111]. Drying of pretreated 
lignocellulose can cause a collapse in pore structure, resulting in a decreased enzymatic 
hydrolysability [109]. Zhang and Lynd [107] mentioned that cellulases can get trapped in 
the pores if the internal area is much larger than the external area, which is the case for 
many lignocellulosics. Lignin limits the rate and extends of enzymatic hydrolysis by acting 
as a shield, preventing the digestible parts of the substrate to be hydrolyzed [39]. 
 
1.3.2 30BConcentrated acid hydrolysis 
 
This process is based on concentrated acid de-crystallization of cellulose followed by 
dilute acid hydrolysis to sugars at near 85–90% theoretical yields. Separation of acid from 
sugars, acid recovery and acid re-concentration are critical unit operations [112]. 
 
1.3.3 31BDilute acid hydrolysis 
 
The dilute acid hydrolysis process is one of the oldest, simplest and most efficient 
methods of producing sugars from biomass. Dilute acid is used to hydrolyze the biomass 
to sugars, usually a tow stages process is required. The first stage uses 0.7% sulfuric acid 
at 190 ºC to hydrolyze the hemicelluloses present in the biomass. The second stage is 
optimized to yield the more resistant cellulose fraction. This is achieved by using 0.4% 
sulfuric acid at 215 ºC. The liquid hydrolates are then neutralized and toxic compounds 
are removed before fermentation of sugar solution to ethanol [113]. 
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1.4 12BFermentation 
 
1.4.1 32BMicroorganisms 
 
Fungi, bacteria, and yeast microorganisms can be used for fermentation, specific yeast 
(S. cerevisiae also known as Bakers’ yeast) is frequently used to ferment glucose to 
ethanol. Theoretically, 100 g of glucose will produce 51.4 g of ethanol and 48.8 g of 
carbon dioxide. However, in practice, the microorganisms use some of the glucose for 
growth and the actual yield is less than 100%. Table 1-3 shows main microorganism used 
for ethanol production categorized by yeast, fungi and bacteria. 
 
1.4.1.1 33B acteria 
 
Ethanol-producing bacteria have attracted much attention in recent years because their 
growth rate is substantially higher than that of the Saccharomyces currently used for 
practical production of fuel alcohol and, with the recent advances in biotechnology, they 
have the potential to play a key role in making the ethanol production more economical 
[114]. Among such ethanol-producing bacteria, Z. mobilis is a well-known organism used 
historically in tropical areas to make alcoholic beverages from plant sap [115]. The 
advantages of Z. mobilis are its high growth rate and specific ethanol production; 
unfortunately, its fermentable carbohydrates are limited to glucose, fructose and sucrose. 
On the other hand, the Gram-negative strain Zymobacter palmae, which was isolated by 
Okamoto et al. [116] using a broad range of carbohydrate substrates, is a facultative 
anaerobe that ferments hexoses, α-linked di- and tri-saccharides, and sugar alcohols 
(fructose, galactose, glucose, mannose, maltose, melibiose, sucrose, raffinose, mannitol 
and sorbitol). This strain produces approximately 2 mol of ethanol per mole of glucose 
without accumulation of byproducts and shows productivity similar to that of Z. mobilis 
[117].
  
 
Table 1-3: Summary of microorganism used for fuel ethanol production from lignocellulosics 
Microorganisms Remarks References 
Yeasts   
Saccharomyces cerevisiae  
Limited to glucose, fructose and sucrose as substrates. 
Tolerates inhibitory industrial substrates better than other microorganisms. 
 
 
[114, 118, 119] 
Recombinant S. cerevisiae   
Strain with introduced genes for the initial xylose assimilation steps from P. stipitis. 
Can use xylose oxidatively rather than in the fermentative manner. 
 
 
[120] 
Pichia stipitis Xylose-fermenting yeast. 
Require well egulated oxygenation for maximal ethanol production. 
Require detoxification of the hydrolysate. 
Ethanol production rate from glucose is at least five times less than that observed for 
S. cerevisiae. 
[121, 122] 
Pachysolen tannophilus  
Xylose-fermenting yeast 
Require well egulated oxygenation for maximal ethanol production. 
Require detoxification of the hydrolysate. 
Ethanol production rate from glucose is at least five times less than that observed for 
S. cerevisiae. 
 
 
[121, 122] 
Candida shehatae Xylose-fermenting yeast 
Require well egulated oxygenation for maximal ethanol production. 
Require detoxification of the hydrolysate. 
Ethanol production rate from glucose is at least five times less than that observed for 
S. cerevisiae. 
 
[121, 122] 
Kluyveromyces marxianus Uses a directly cellulose for ethanol production. Has high ethanol productivity from 
cellulose (0.5 g of ethanol/g cellulose in 78 h). 
 
[123] 
K. fragilis Uses a directly cellulose for ethanol production. Has high ethanol productivity from 
cellulose 
 
[123] 
Candida acidothermophilum Thermotolerant yeast. Produces 80% of the theoretical ethanol yield [124] 
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Table 1-3: (continued) 
Microorganisms Remarks References 
Fungi   
Fusarium oxysporum  
Produce ethanol from cellulose but significant amounts of acetic acid are produced 
too. 
 
 
[125] 
Neurospora, Monilia, 
Paecilomyces and Fusarium 
 
 
Has he ability to ferment cellulose directly to ethanol 
 
[126] 
Neocallimastix sp.  
Ethanol producing fungus but produce acetic acid as the major fermentation product. 
 
 
[127] 
Trichoderma reesei  
Use cellulose directly and is implemented in the SSF process usually 
 
 
[12] 
Mucor indicus 
 
 
Capable of fermenting a great variety of sugars including hexoses and pentoses. 
Has an ethanol yields of 0.46 g/g glucose when is cultivated under anaerobic 
conditions. 
Assimilates the inhibitors present in dilute-acid hydrolyzates 
 
 
[128]  
 
Chalara parvispora 
 
 
Capable of fermenting pentose-containing materials 
 
 
[129] 
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Table 1-3: (continued) 
Microorganisms Remarks References 
Bacteria   
Zymomonas mobilis Has high growth rate and specific ethanol production. 
Its fermentable carbohydrates are limited to glucose, fructose and sucrose. 
Has a high ethanol tolerance 
 
[115, 116] 
Zymobacter palmae  
Facultative anaerobe bacterium. 
Use a broad range of carbohydrate substrates (hexoses, α-linked di- and tri-
saccharides, and sugar alcohol). 
Shows productivity similar to that of Z. mobilis. 
 
[116] 
Recombinant E. coli 
 
Strain capable of assimilating both hexoses and pentoses. 
 
[130]  
 
Clostridium 
thermohydrosulfuricum, 
Thermoanaerobacter 
thermosaccharolyticum 
 
 
 
These bacteria may transform pentoses and aminoacids into ethanol. 
Can synthesize up to 2 mol EtOH/mol hexose. 
Main drawback consists in their very low ethanol tolerance. 
 
[131]  
 
Clostridium thermocellum These bacteria may transform pentoses and aminoacids into ethanol. 
Can synthesize up to 2 mol EtOH/mol hexose. 
Can even directly convert lignocellulosic materials into ethanol 
Main drawback consists in their very low ethanol tolerance. 
[131]  
 
 
 
 
 
  
 
1.4.1.2 34BYeasts 
 
Metabolic pathway engineering is constrained by the thermodynamic and stoichiometric 
feasibility of enzymatic activities of introduced genes. Engineering of xylose metabolism in 
S. cerevisiae has focused on introducing genes for the initial xylose assimilation steps 
from P. stipitis, a xylose-fermenting yeast, into S. cerevisiae, a yeast traditionally used in 
ethanol production from hexose. However, recombinant S. cerevisiae created in several 
laboratories have used xylose oxidatively rather than in the fermentative manner that this 
yeast metabolizes glucose [120]. d-Xylose is a major component of the hydrolyzate of 
hemicellulose from biomass. Therefore, ethanol production from xylose is essential for 
successful utilization of lignocellulose [132]. Many bacteria, yeast, and fungi assimilate 
xylose, but only a few metabolize it to ethanol [133]. 
 
Xylose-fermenting yeasts, such as P. stipitis, Pachysolen tannophilus and Candida 
shehatae require precisely regulated oxygenation for maximal ethanol production [121, 
122], and detoxification of the hydrolysate, because they withstand the inhibitory 
environment of lignocellulose hydrolysates poorly [134, 135]. These factors increase the 
cost of xylose fermentation. S. cerevisiae has an efficient anaerobic sugar metabolism, 
tolerates inhibitory industrial substrates better than other microorganisms [118, 119] and 
ferments hexoses abundantly present in lignocellulosic hydrolysates, such as glucose, 
mannose and galactose with high yield and productivity. 
 
1.4.1.3 35BFungi 
 
The filamentous fungus Fusarium oxysporum is known for its ability to produce ethanol by 
simultaneous saccharification and fermentation (SSF) of cellulose. However, the 
conversion rate is low and significant amounts of acetic acid are produced as a by-
product [125]. A few microbial species such as Neurospora, Monilia, Paecilomyces and 
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Fusarium have been reported to hold the ability to ferment cellulose directly to ethanol 
[126]. F. oxysporum produces a broad range of cellulases and xylanases, which has been 
characterised earlier [136]. Acetic acid was the major fermentation product of 
Neocallimastix sp., another ethanol producing fungus [127]. 
 
1.4.2 36BOperation regime 
 
Ethanol can be produced by four main types of industrial operations: batch, continuous, 
fed-batch and semi-continuous. In batch fermentation, substrate and yeast culture are 
charged into the bioreactor together with nutrients. Most of the ethanol produced today is 
done by the batch operation since the investment costs are low, do not require much 
control and can be accomplished with unskilled labour [137]. Complete sterilization and 
management of feedstocks are easier than in the other processes. The other advantage 
of batch operation is the greater flexibility that can be achieved by using a bioreactor for 
various product specifications. In the continuous process, feed, which contains substrate, 
culture medium and other required nutrients, is pumped continuously into an agitated 
vessel where the microorganisms are active. The product, which is taken from the top of 
the bioreactor, contains ethanol, cells, and residual sugar [138]. 
 
The fed-batch operation, which may be regarded as a combination of the batch and 
continuous operations, is very popular in the ethanol industry. In this operation, the feed 
solution, which contains substrate, yeast culture and the required minerals and vitamins, 
are fed at constant intervals while effluent is removed discontinuously. The main 
advantage of the fed-batch system is that intermittent feeding of the substrate prevents 
inhibition and catabolite repression. If the substrate has an inhibitory effect, intermittent 
addition improves the productivity of the fermentation by maintaining a low substrate 
concentration. 
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It is essential to keep the culture volume constant in continuous operation, whereas there 
is volume variation in the fed-batch processes. In semi-continuous processes, a portion of 
the culture is withdrawn at intervals and fresh medium is added to the system. In the 
continuous processes it is essential to maintain a constant culture volume, whereas there 
is volume variation in semi-continuous processes. This method has some of the 
advantages of the continuous and batch operations. There is no need for a separate 
inoculum vessel, except at the initial start-up. Time is also not wasted in non-productive 
idle time for cleaning and re-sterilization. Another advantage of this operation is that not 
much control is required. However, there is a high risk of contamination and mutation due 
to long cultivation periods and periodic handling. Furthermore, since larger reactor 
volumes are needed, slightly higher investment costs are required [137]. 
 
1.4.3 37BTechnological configurations 
 
The classic configuration employed for fermenting biomass hydrolyzates involves a 
sequential process where the hydrolysis of cellulose and the fermentation are carried out 
in different units. This configuration is known as separate hydrolysis and fermentation 
(SHF). In the alternative variant, the simultaneous saccharification and fermentation 
(SSF), the hydrolysis and fermentation are performed in a single unit. The most employed 
microorganism for fermenting lignocellulosic hydrolyzates is S. cerevisiae, which ferments 
the hexoses contained in the hydrolyzate but not the pentoses. Table 1-4 summarizes 
main intensification technologies that have been explored for improving fuel ethanol 
production feasibility. 
 
1.4.3.1 38BSeparate hydrolysis and fermentation (SHF) 
 
When sequential process is utilized, solid fraction of pretreated lignocellulosic material 
undergoes hydrolysis (saccharification). This fraction contains the cellulose in an 
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accessible form to acids or enzymes. Once hydrolysis is completed, the resulting 
cellulose hydrolyzate is fermented into ethanol. One of the main features of the SHF 
process is that each step can be performed at its optimal operating conditions. The most 
important factors to be taken into account for saccharification step are reaction time, 
temperature, pH, enzyme dosage and substrate load [139]. 
  
 
Table 1-4: Process integration through reaction-reaction and reaction-separation processes for fuel ethanol production (adapted 
from [139]) 
Technology Bioagent Substrate Remarks References 
Co-fermentation 
(mixed culture) 
 
 
Saccharomyces 
cerevisiae 
mutant + Pichia stipitis 
 
Respiratory deficient S. 
diastaticus + P. stipitis 
 
 
Glucose and xylose 
 
 
Steam-exploded and 
enzymatically 
hydrolyzed aspen 
wood 
 
 
Batch and continuous cultures; 100% glucose 
conversion and 69% xylose conversion. 
 
Continuous culture; EtOH conc. 13.5 g/L, yield 0.25 
g/g, productivity 1.6 g/(L h); 100% conversion of 
glucose and xylose 
 
 
[140] 
 
Batch SSF 
(mixed culture) 
 
 
S. cerevisiae + Fusarium 
oxysporum 
 
 
Sweet sorghum stalks 
 
 
Fungus produces cellulases and hemicellulases for 
hydrolysis process; formed sugars are converted into 
ethanol by concerted action of both microorganisms; 
108–132% yield; EtOH conc. 35–49 g/L. 
 
 
[141, 142] 
Batch SSF 
 
 
Yeasts + T. reesei 
cellulases 
supplemented with β-
glucosidase 
 
 
Pretreated lignocellulosic 
biomass 
 
 
3–7 d of cultivation; EtOH conc. 40–50 g/L for S. 
cerevisiae, 16–19 g/L for Kluyveromyces marxianus; 
90–96% substrate conversion. 
 
 
[143-148] 
Semicontinuous 
SSF 
 
 
S. cerevisiae + 
commercial 
cellulase supplemented 
with β-glucosidase 
 
 
Paper sludge 
 
 
Special design of solids-fed reactor; EtOH conc. 
35–50 g/L; 0.466 g/g EtOH yield; 74–92% 
cellulose conversion; 1–4 months of operation 
 
 
[149] 
Continuous SSF 
 
 
S. cerevisiae + 
commercial 
+ β-glucosidase  
 
Dilute-acid pretreated 
hardwood 
 
 
CSTR; residence time 2–3 d; 83% conversion; 
EtOH conc. 20.6 g/L 
 
 
[147] 
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Table 1-4: (continued) 
Technology Bioagent Substrate Remarks References 
Batch SSCF 
 
 
Recombinant Z. mobilis + 
T. 
reesei cellulases 
 
 
Dilute-acid pretreated 
yellow popplar 
 
 
EtOH produced 17.6–32.2 g/L; yield 0.39 g/g; 
productivity 0.11–0.19 g/(L h) 
 
 
[150] 
 
Continuous 
SSCF 
 
 
Recombinant Z. mobilis + 
T. 
reesei cellulases 
 
 
Dilute-acid pretreated 
wood 
chips 
 
 
Cascade of reactors; 92% glucose conversion, 85% 
xylose conversion 
 
 
[151] 
 
Continuous 
fermentation 
coupled 
with liquid–liquid 
extraction 
 
 
Immobilized yeast/n-
dodecanol 
 
 
Glucose-containing 
medium 
 
 
18 d of operation; use of very concentrated feedstocks 
(10–48% w/w); 78% reduction of aqueous 
effluents 
 
 
[152] 
 
Batch extractive 
cofermentation 
 
 
Z. mobilis/n-dodecanol 
 
Glucose and xylose 
 
Modeling based on kinetic approach and liquid– 
liquid equilibrium; solvent is regenerated by flashing; 
productivity 2.2–3.0 g/(L h); solvent volume/ 
aqueous volume ratio 1.33–3.0 
 
 
[153] 
 
Continuous 
extractive 
fermentation 
 
Immobilized S. 
cerevisiae/n-dodecanol 
 
 
Clostridium 
thermohydrosulfuricum 
/oleyl alcohol 
 
 
Glucose 
 
 
Pneumatically pulsed packed reactor; flowrates: 
solvent 1-2.55 L/h, medium 0.057–0.073 L/h; feed 
glucose conc. 261–409 g/L; EtOH conc. in solvent 
3.37–10 g/L, in broth 9.4–33 g/L; yield 0.51; 
productivity 1.03 g/(L h 
 
Flowrates: broth 0.15–0.55 L/h, solvent 0–18 L/h; feed 
glucose conc. 12.5–100 g/L; EtOH conc. in the broth 
<4.47 g/L, in the reextraction water 3–14 g/L; 65 ºC; 
productivity <0.128 g/(L h) 
 
 
[154] 
 
 
 
 
 
[155] 
 
 
Chapter 1 37 
 
Table 1-4: (continued) 
Technology Bioagent Substrate Remarks References 
Fed-batch 
SSEF 
 
 
S. cerevisiae/commercial 
cellulases/oleyl 
alcohol 
 
 
Primary clarifier sludge 
from chemical pulping 
process/cellulose 
 
 
Reactor with up to 2.5% aqueous phase; 50% 
substrate conversion; 48–275 h cultivation; 65% 
increase in productivity compared to conventional 
fed-batch process 
 
 
[156] 
 
EtOH conc., ethanol concentration at the end of batch culture or in the effluent for continuous processes; 
SSF, simultaneous saccharification and fermentation; 
SSCF, simultaneous saccharification and co-fermentation; 
SSEF, simultaneous saccharification and extractive fermentation. 
 
 
 
  
 
1.4.3.2 39BSimultaneous saccharification and fermentation (SSF) 
 
The SSF process has been extensively studied to reduce the inhibition of end products 
hydrolysis [99, 157]. In the process, reducing sugars produced in cellulose hydrolysis or 
saccharification is simultaneously fermented to ethanol, which greatly reduces the product 
inhibition to the hydrolysis. However, the need of employing more dilute media to reach 
suitable rheological properties makes that final product concentration be low. In addition, 
this process operates at non-optimal conditions for hydrolysis and requires higher enzyme 
dosage, which positively influences on substrate conversion, but negatively on process 
costs. Considering that enzymes account for an important part of production costs, it is 
necessary to find methods reducing the cellulases doses to be utilized [139].  
  
The microorganisms used in the SSF are usually the fungus Trichoderma reesei and S. 
cerevisiae [12]. Hydrolysis is usually the rate limiting process in SSF [158]. 
Thermotolerant yeasts and bacteria have been used in the SSF to raise the temperature 
close to the optimal hydrolysis temperature. Ballesteros et al. [123] have identified 
Kluyveromyces marxianus and K. fragilis that have the highest ethanol productivity at 42 
ºC from a number of yeast strains. K. marxianus has an ethanol yield of 0.5 g/g cellulose 
using Solka Floc 200 as substrate at 42 ºC. Kadam and Schmidt [124] found that 
thermotolerant yeast Candida acidothermophilum, produced 80% of the theoretical 
ethanol yield at 40 ºC using dilute acid pretreated poplar as substrate. Compared to the 
two stage hydrolysis–fermentation process, SSF has some advantages like increase of 
hydrolysis rate by conversion of sugars that inhibit the cellulase activity, lower enzyme 
requirement, higher product yield, lower requirements for sterile conditions since glucose 
is removed immediately and ethanol is produced, shorter process time and less reactor 
volume because a single reactor is used. However, ethanol may also exhibit inhibition to 
the cellulase activity in the SSF process [12]. 
 
According to Sun and Cheng [12] this configuration has some disadvantages, which need 
to be considered for improvement of SSF, these include incompatible temperature of 
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hydrolysis and fermentation, ethanol tolerance of microbes and inhibition of enzymes by 
ethanol. 
 
1.4.3.3 40BPentoses fermentation 
 
One of the main problems in bioethanol production from lignocellulosics is that S. 
cerevisiae can ferment only certain mono- and disaccharides like glucose, fructose, 
maltose and sucrose. This microorganism is not able to assimilate cellulose and 
hemicellulose directly. In addition, pentoses obtained during hemicellulose hydrolysis 
(mainly xylose) cannot be assimilated by this yeast. A way to overcome this obstacle is 
through recombinant DNA technology (genetic engineering). Other approach to this 
problem is the use of pentose fermenting microorganisms like some species of yeasts 
and bacteria. In this case, configurations involving the separate fermentation of pentoses 
and hexoses have been proposed. Yeasts as Pichia stipitis, Candida shehatae and 
Pachysolen tannophilus can assimilate pentoses but their ethanol production rate from 
glucose is at least five times less than that observed for S. cerevisiae. Moreover, their 
culture requires oxygen and ethanol tolerance is 2-4 times lower [159]. Pentose 
fermenting yeasts require a careful control for maintaining low oxygen levels in the culture 
medium needed for their oxidative metabolism. Additionally, these yeasts successfully 
ferment pure xylose but not the aqueous hemicellulose streams generated during the 
biomass pretreatment, probably due to the presence of different inhibitors [160]. 
 
1.4.3.4 41BSimultaneous saccharification and co-fermentation 
 
Other promising integration alternative is the inclusion of the pentose fermentation in the 
SSF, process called simultaneous saccharification and co-fermentation (SSCF) [139]. In 
an initial stage, the co-fermentation of mixed cultures was studied. For example, the co-
culture of P. stipitis and Brettanomyces clausennii has been utilized for the SSCF of 
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aspen at 38 ºC and pH of 4.8 yielding 369 L EtOH per ton of aspen for 48 h batch 
process, as reported by Olsson and Hahn-Hägerdal [161]. In this configuration, it is 
necessary that both fermenting microorganisms be compatible in terms of operating pH 
and temperature. Chandrakant and Bisaria [160] suggested that a combination of C. 
shehatae and S. cerevisiae is suitable for this kind of process. Similarly, a system 
including the isomerization of xylose and the fermentation with S. cerevisiae in a 
simultaneous way can be utilized. This system has been proven in non-pretreated spent 
sulfite liquor and in pretreated acid-hydrolyzed wheat straw [162]. 
 
Among the drawbacks of this configuration are the high by-product formation in the form 
of CO2 and xylitol, poor enzyme stability, incompatible pH and optimal temperature (pH of 
7.0 and 70 ºC for the isomerization process), and the reversibility of the enzymatic 
transformation [160]. 
 
1.4.3.5 42BSimultaneous reaction and separation 
 
Above-mentioned types of integration allow the increase of process efficiency through the 
improvement of reaction processes. However, separation is the step where major costs 
are generated in process industry. Therefore, reaction–separation integration could have 
the highest impact on the overall process in comparison with homogeneous integration of 
processes (reaction–reaction, separation–separation) [139, 163]. This has been 
demonstrated in the case of reactive distillation processes [164], particularly, in the lactic 
acid recovery by reactive distillation [165], and in the production of allyl alcohol by allyl 
acetate butanolysis [166, 167]. 
 
One of the most promising technological configurations for fuel ethanol production from 
lignocellulosic, are the systems in which the removal of the product that causes the 
inhibition is accomplished through an extractive biocompatible agent (solvent). Migration 
of ethanol to solvent phase is known as extractive fermentation process. Minier and 
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Goma [154] showed that primary aliphatic alcohols with a chain length having less than 
twelve carbons inhibit the growth of yeast cells. They chose the fatty alcohol n-dodecanol 
as a solvent for in-situ extraction of ethanol in an especial continuous pulse packed 
column with immobilized cells of S. cerevisiae. This configuration allowed the utilization of 
very concentrated glucose feed due to the reduction of ethanol in the culture broth. In 
addition, immobilization seems to protect the cells against solvent toxicity [168]. 
 
Gyamerah and Glover [152] implemented a process where the fermentation stage was 
coupled with an apparatus for liquid–liquid extraction in a continuous regime at pilot-scale 
level. They chose n-dodecanol by its high very low toxicity for ethanol-producing 
microorganisms. However, this solvent has some drawbacks: it tends to form a stable 
emulsion with the culture broth, its melting point is relatively high (26 ºC) considering 
fermentation conditions, and its distribution coefficient related to water is not very high 
[169]. In addition, Kirbaşlar et al. [170] experimentally showed that small amounts of water 
migrate to n-dodecanol in water–ethanol–n-dodecanol ternary systems. Weilnhammer 
and Blass [155] proposed a simple model based on the mass balance of different 
components for the description of extractive fermentation with C. thermohydrosulfuricum 
using oleyl alcohol as a solvent; this model allowed the evaluation of the economy of the 
process with and without solvent based on production costs. Kollerup and Daugulis [169] 
proposed a mathematical model for describing extractive fermentation process for 
continuous production of ethanol from glucose-containing medium. In this model, a simple 
relationship between ethanol concentration in aqueous phase and ethanol content in 
solvent phase was considered. Additionally, kinetic description of microbial growth did not 
take into account the inhibition effect due to high concentrations of substrate. Gutiérrez et 
al. [153] modeled the batch extractive co-fermentation from pretreated hydrolyzed 
lignocellulosic biomass coupling the equations representing the kinetics of the biological 
process with the equations describing the liquid–liquid equilibrium using different activity 
models. Liquid medium from this bioreactor is continuously removed in order to separate 
the cells and carry out the decantation of both phases. Aqueous phase is recycled back to 
the bioreactor and ethanol-rich solvent phase is flashed for the regeneration of solvent 
and the production of almost pure ethanol 
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Oliveira et al. [171] and Oliveira et al. [172] proposed an extractive biocatalytic process in 
which ethanol produced by yeasts is extracted by oleic acid and used as substrate for 
lipase-catalyzed esterification reaction with this same acid. In this way, the combination of 
the enzymatic reaction and the extractive fermentation in a single vessel improves the 
product extraction. This type of configuration is currently studied due its promising results 
and reduced investment costs [163]. 
 
L’Italien et al. [173] proposed and tested a regime of fermentation using as a solvent 
supercritical carbon dioxide; for this, it was necessary to organize a cyclic process with 
periods of high-cell atmospheric fermentation followed by a period of hyperbaric 
conditions (7 MPa) for the rapid extraction of ethanol by CO2; however, the complexity of 
the process and the loss of viability of the cells during prolonged intervals under high 
pressure makes this technology non-viable to date. For the extractive fermentation 
process, the presence of microbial cells can reduce the rate of ethanol extraction. Crabbe 
et al. [174] found that the yeast cells severely decreased the rate of extraction employing 
n-decanol as a solvent; the authors assumed that the studied effects can be extrapolated 
to n-dodecanol. 
 
1.4.3.6 43BImmobilized cells 
 
Ethanol production from biomass by fermentation is possible by using free or immobilized 
cells. Both have advantages and disadvantages. Microorganisms used in industry are 
selected to provide the best possible combination of characteristics for the process and 
equipment being used. The selected strains should have tolerance to high concentrations 
of sugar and alcohol. The use of immobilized whole cells in industrial processes has 
attracted considerable attention during the past few years due to advantages over 
traditional processes. Immobilization provides high cell concentrations and cell reuse. It 
also eliminates washout problems at high dilution rates and the costly processes of cell 
recovery and cell recycle. High volumetric productivities can also be obtained with the 
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combination of high cell concentrations and high flow rates. Immobilization may also 
improve genetic stability [137]. 
 
1.5 13BConclusions 
 
In recent years it has been suggested that, instead of traditional feedstocks, cellulosic 
biomass (cellulose and hemicellulose), including agricultural and forestry residues, waste 
paper, and industrial wastes, could be used as an ideally inexpensive and abundantly 
available source of sugar for fermentation into transportation fuel ethanol. The efficiency 
of biomass conversion to ethanol depends upon the ability of the microorganism used in 
the process to utilize these diverse carbon sources and amount of fraction present in 
biomass. It was breafly showed the potentiality of sugar crops, agro and urban/industrial 
residues feedstocks for production of ethanol as an alternative fuel and energy sources. 
However, recalcitrant nature of lignocellulosics makes necessary to use high energy 
demand technologies for pretreatment making of ethanol production unfeasible. It was 
shown that there exist a number of pretreatment options; however, currently these 
technologies exibit disadvantages and more efforce must be done in the area. Main 
challenges to overcome are the low yield and high cost of pretreatment. There is need of 
process optimization for detoxification and maximize conversion of agro industrial 
residues feedstocks for production of ethanol as a cheaper substrate like molasses and 
other directly fermentable materials. 
 
Although bioethanol production has been greatly improved by new technologies, there are 
still challenges that need further investigations. These challenges include maintaining a 
stable performance of the genetically engineered microorganisms in commercial scale 
fermentation operations and developing more efficient pretreatment technologies for the 
lignocellulosic biomass and integrating the optimal components into economic ethanol 
production systems. 
 

  
 
2. 1BPotential Agro-Industrial Wastes for Ethanol 
Production in Colombia 
 
In view of current environmental problems in recent years and the oil dependence, there 
has been an interest in producing bioethanol as vehicle fuel because of its octane booster 
capacity and potential reduction of carbon monoxide emissions [175, 176]. However, 
conversion of sugar cane, corn starch, or other sugar or starch feedstocks can only 
partially break out the oil dependence. In 2005, the United States passed Brazil and 
became the world’s number one ethanol producer. The U.S. currently produces only 
enough ethanol from corn to meet roughly 3% of its liquid transportation fuel requirements 
(by volume) and does so using 25% of domestic corn supply. Current U.S. ethanol 
capacity was (at year 2008) 7.5 billion gallons per year from 136 plants, with another 62 
plants under construction with potential additional capacity of 5.8 billion gallons [177]. At 
the 2008 levels, ethanol production has caused a significant effect in the agricultural 
commodity markets, with corn approximately doubling in price from only a few years ago, 
and food and feed prices increasing significantly. Moreover, environmental benefits of 
ethanol obtained from food-based raw materials have been questioned, because as the 
food biofuels supply increase, more land is required to meet our agricultural needs, 
increasing pressure to deforest lands. 
 
For large-scale biological production of fuel ethanol, it is desirable to use cheaper and 
more abundant substrates. Lignocellulose (complex polymer made up from three 
carbohydrates: cellulose hemicelluloses and lignin) is considered as an attractive 
feedstock for the production of fuel ethanol, because of its availability in large quantities at 
low cost [139, 178] and for reducing competition with food but not necessarily with feed. In 
order to introduce ethanol as a large-scale transportation fuel, the production cost must 
be lowered to about the same level as oil and diesel. Today the production cost of ethanol 
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from lignocellulose is still too high, which is the major reason why ethanol from this 
feedstock has not made its breakthrough yet. When producing ethanol from maize (made 
up from starch chains) or sugarcane (in the form of either cane juice or molasses) the raw 
material constitutes about 40-70% of the production cost [179, 180]. By using waste 
products from forestry, agriculture and industry, the costs of the feedstocks may be 
reduced.  
 
It is evident the importance of lignocellulosic biomass as a feedstock for ethanol 
production. Lignocellulosic complex is the most abundant biopolymer in the Earth. It is 
considered that lignocellulosic biomass comprises about 50% of world biomass [159]. 
Many lignocellulosic materials have been tested for bioethanol production as was 
reviewed by Sánchez and Cardona [3]. In general, prospective lignocellulosic materials 
for fuel ethanol production can be divided into six main groups: crop residues (cane 
bagasse, corn stover, wheat straw, rice straw, rice hulls, barley straw, sweet sorghum 
bagasse, olive stones and pulp), hardwood (aspen, poplar), softwood (pine, spruce), 
cellulose wastes (newsprint, waste office paper, recycled paper sludge), herbaceous 
biomass (alfalfa hay, switchgrass, reed canary grass, coastal Bermudagrass, thimothy 
grass), and municipal solid wastes (MSW). Numerous studies for developing large-scale 
production of ethanol from lignocellulosics have been carried out in the world. However, 
the main limiting factor is the higher degree of complexity inherent to the processing of 
this feedstock. This is related to the nature and composition of lignocellulosic biomass 
(which contain up to 75% of cellulose and hemicelluloses). Cellulose and hemicelluloses 
should be broken down into fermentable sugars in order to be converted into ethanol or 
other valuable products (xylans, xylitol, hydrogen and enzymes). But this degradation 
process is complicated, energy-consuming and non-completely developed [3]. With the 
advent of modern genetics and other tools the cost of producing sugars from these 
recalcitrant fractions and converting them into products like ethanol can be significantly 
reduced in the future. 
 
Several reviews have been published on the theme of fuel ethanol production especially 
from lignocellulosic biomass [3, 7, 139]. Lignocellulosic materials from different crop 
residues have been used for conversion to ethanol. 
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2.1 Sugarcane 
 
One of the major lignocellulosic materials found in great quantities to be considered, 
especially in tropical countries, is sugarcane bagasse (SCB), the fibrous residue obtained 
after extracting the juice from sugar cane (Saccharum officinarum) in the sugar production 
process [181].   
 
SCB is produced in large quantities by the sugar and alcohol industries in Brazil [176, 
182], India [182, 183], Cuba [182], China [178, 182], México [176], Indonesia [184] and 
Colombia [180]. In general, 1 ton of sugarcane generates 280 kg of bagasse, and 540 
million dry tons of sugarcane are processed annually throughout the world [185]. About 
50% of this residue is used in distillery plants as a source of energy [186], the remainder 
is stockpiled. Therefore, because of the importance of SCB as an industrial waste, there 
is great interest in developing methods for the biological production of fuel and chemicals 
that offer economic, environmental, and strategic advantages [187].  
 
In the approximately 80 cane-sugar producing countries there is potential to make better 
use of the SCB. Subject to improved energy efficiency, sugar producers could supply 
energy either as co-generated electricity, or as fuel ethanol through cellulose hydrolysis 
followed by fermentation [188]. The most common use for SCB is the energy production 
by combustion [189]. In addition, SCB can be used also to produce chemical compounds 
such as furfural or hydroxymethylfurfural [190], paper paste [191] or ethanol [38]. The use 
of SCB in chemistry and biotechnology has been reviewed elsewhere [186]. 
 
As raw material SCB should be analyzed from composition, structure and surface 
properties. SCB is primarily composed of lignin (20-30%), cellulose (40-45%) and 
hemicelluloses (30-35%) [192]. Because of its lower ash content, 1.9% [193], bagasse 
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offers numerous advantages compared with other agro-based residues such as paddy 
straw, 16% [194], rice straw, 14.5% [195] and wheat straw, 9.2% [196]. Work on structure 
and surface characterization of SCB has not done extensively, but some works can be 
found [197, 198]. Quintero and Cardona [198] obtained SCB from a small mill used for 
producing commercial sugarcane juice and milled for its structural analysis.  
 
2.2 Oil Palm 
 
Processing of palm for oil extraction leads to the formation of several by-products and 
residues that have an economical potential. These products, by-products and residues 
have well described by Gutiérrez et al. [199] along with their current and potential 
applications. The empty fruit bunches (EFB) are the solid residue that is produced in the 
highest amount from the fresh fruit bunches (FFB) of oil palm. EFB and palm press fiber 
(PPF) compositions are shown in Table 2-1 according to the data of Abdul et al. [200] and 
Wan Zahari and Alimon [201]. Due to its high moisture content, this material is not 
appropriate as a fuel and it is mostly used as manure [202]. The use of EFB as a 
substrate for cultivation of mushrooms by solid-state fermentation has been proposed. In 
this case, previous treatment of this material is not required [2, 203]. In addition, the 
remaining material after mushroom harvest presents better fertilizing properties. On the 
other hand, the fiber resulting from separation of press cake (PPF) has an important 
content of the lignocellulosic complex and lower moisture content. The oil retained in the 
fiber makes this material to be a good solid fuel. When palm processing facilities produce 
both process steam and electricity, the total amount of PPF undergoes combustion. 
However, if only steam is to be produced, 70% of PPF is not used and becomes a waste 
[2]. The lignocellulosic biomass contained in both EFB and PPF can be used for ethanol 
production as was described by Gutiérrez et al. [199]. In the case of ethanol from EFB, 
the lignocellulosic content must be previously in form of fibers to be used. 
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Table 2-1: Average composition of Empty Fruit Bunches and Palm Press Fiber 
 
 Content (wt%) 
EFB PPF 
Reference [200]a [201] [202] 
    
Component    
Cellulose 46.77 15.47 24.00 
Hemicellulose 17.92 11.73 14.40 
Lignin 4.15 7.14 12.60 
Ash - 0.67 3.00 
Oil - - 3.48 
Moisture - 65.00 40.00 
Others - - 2.52 
a Dry basis 
 
Colombia is the fourth world producer of oil palm due to its favorable agro-ecological 
conditions. In 2008 Colombia had 230,387 Ha of oil palm in production and 352,214 Ha of 
seeded land [204]. According to the available oil palm land and taking into account that 
4,380 kg of EFB can be produced per hectare per year [204], or in other terms 1 ton of 
FFB can produce 120-260 kg of EFB [205], more than 1 million tons of EFB were 
produced in 2008. Fedepalma [204] estimated that this quantity could increase three 
times in 2020. Considering the abovementioned, Colombia has the material basis for 
high-scale production of both bioethanol and biodiesel. At present, ethanol is obtained 
from sugar cane in Colombia. On the other hand, the extraction of palm oil generates 
significant amounts of lignocellulosic residues, which may be employed as feedstock for 
ethanol production.   
2.3 Rice 
 
Rice chain, represented by the paddy rice and the white rice, has registered important 
earnings in productivity and competitivity from 90’s. Although, some approaches state that 
the agro-ecological conditions for rice production are not the appropriate in Colombia, due 
to its condition of tropical country it lacks of seasons, this crop exhibit good competitivity 
factors that are represented in lower production cost and lower consumer price compared 
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to the ones of United States, moreover the yield per hectare is higher that the world 
average yield, and very similar, in the case of technified crops in Tolima, to that of the 
United States (which has the highest yields in the world). 
 
In general, the rice agroindustry transformes the paddy rice into white rice and other co-
products by drying and milling. Figure 2-1 shows the scheme of rice processing and the 
different co-products. 
Figure 2-1: Rice processing scheme. Adapted from [206]. 
 
 
After the threshing, two main products are obtained: brown rice and rice husk. Last is 
considered as a waste, however, some times it is used as solid fuel for the drying 
process, in plant nurseries and crops, but in an incipient form [206]. Brown rice (which can 
be used directly for human consumption) is sent to a polishing process, which produces 
white rice and rice bran. Last is commonly used as raw material in the animal feed 
industry. Finally, the whole white rice is used for human consumption or it can be milled 
for obtaining rice flour.  
 
Colombia cultivated 498,486 hectares, which yield 2,543,161 metric tones of paddy and 
1,729,349 tones of white rice. Rice represents 13% of the harvested land in Colombia and 
30% of the annual crops. Annual production of rice in Colombia increased at a rate of 
4.8% between 1993 and 2003, value higher than the world trend of 1.1%. 
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Rice husk is the main wast in the rice agroindustry. This husk is basically composed of 
lignocellulosic fibers and ash, and cannot be used in the animal feed industry dut to its 
high silicon (SiO2) content, substance that significantly drecrease its digestibility. 
Moreover, its composition makes of this residue of difficult biodegradation [206]. 
 
Rice processing generates around 20% rice husk by weight of the total rice production. 
Moreover, this residue has a low bulk specific weight (100 kg/m3) which makes difficult its 
disposition and transport and implies a high handle cost and a negative environmental 
impact on water sources. Although, rice agroindustry is well known, little studies related to 
co-products uses are know. 
 
2.4 Coffee 
 
Coffe (Coffea sp.) is one of the most important agricultural products in the world. The two 
main cropped varieties around the world for commertial applications are Coffea arabica 
and Coffea robusta. Traditionally, coffee has been cropped under the shadow of big trees 
in the tropical rainforest or between fruit trees such as banana and citrus trees. However, 
from 1970’s coffee plantations have been highly changed, related to profiles and required 
practices for reaching high coffee demand and fighting the pests that affect the cultivar. 
 
Currently, more than 9 million tones of green coffee are annualy produced in more that 50 
countries [207]. Brazil is the first coffee producer in the world with a production of 48.1 
million bags, while Colombia occupied the third place in 2010 with a production of 9.2 
million bags. Different residues such as pulp, husk, leaves, and coffe grounds are 
annually generated in more than 2 million tones during the coffee harvesting, processing 
and final consumption [208]. 
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Figure 2-2 shows the stages involved in the coffee cherries processing. Industrial 
processing is accomplished with the aim of recovering the coffee powder and to remove 
the husk and the mucilage. There exist two processing methods: dry and wet; depending 
on the chosen method the solid residue es known as pulp or husk, respectively. In Brasil, 
coffee cherries are processed by the dry method obtaining husk, which are rich in 
nutrients and organic compounds. In Colombia, the wet method is commontly used. 
 
On the other hand, coffee grounds are obtained in high proportions during the raw coffee 
processing for producing instanteneous coffee. This residue contains cafein, tannins and 
phenolic compounds but in lesser proportion. Due to the presence of this organic 
compounds this residues exhibit toxicity. This compositions causes problems in the 
appropriate disposal of these residues [209, 210]. 
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Figure 2-2: Industrial processing of coffee cherries 
 
 
Other residues which are obtained in high volumes are coffee leaves and coffee cut-
stems (CCS). The last are obtained when coffee trees are cutted with the aim of obtaining 
a younger tree with high coffee productivity. These wastes are seasonally produced and 
stockpiled for their burning or, in most of the cases, for their autodegradation. Currently, 
the CCS do not have a well established use.  The use of the coffee wastes is determined 
by different factor such as: availability, seasonal and regional distribution, moisture, 
storage, preservation, commercial importance and competitively ability with other 
materials. 
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2.5 Conclusions 
 
Colombia as an agricultural country has a huge variety of lignocellulosic wastes, however, 
most of these do not have a well stablished disposal system or established use. Current 
studies involving agroindustrial residues are very incipient and well defined disposal 
policies are missing. This panorama makes of the lignocellulosic wastes from 
agroindustry a very interesting low cost feedstock for producing a wide variety of added 
value products. Agroindustry residues are of more intereset, compared to other sources of 
residues, because this are constanrly produced at high rates and ensuring a well defined 
supply to a potentical residues-based industry. Rice husk highlights over the other 
residues because of its high availability and low cost, however, its low specific weight 
makes its transportation and handle more expensive than other residues. This fact 
suggests that an adjacent rice husk processing plant will be more appropriate in the case 
of utilizing this residue.  

  
 
3. 2BMaterials, Methods and Methodology 
 
3.1 Raw Materials 
 
3.1.1 Empty Fruit Bunches (EFB) 
 
The EFB were obtained from a palm oil extraction plant (Palmar Santa Elena) located at 
Tumaco town (1° 48′ 24″ N, 78° 45′ 53″ W), in the southwest cost of Colombia, which 
altitude is 2 meters above sea level. The temperature in Tumaco ranges from an average 
high of 33° C to an average low of 18° C. Rainfall is constant throughout the year (annual 
mean 250 cm). The humidity is relatively high, with measures that lie between 80 and 
88%, reaching 100% at night. 
 
3.1.2 Rice Husk (RH) 
 
Rice husk (from Oryza Sativa variety) used in this study was obtained as by-product from 
a rice mill company located at Tolima Department (central zone of Colombia, 2º 52’ 59’’ 
and 5º 19’ 59’’ N, 74º 24’ 18’’ and 76º 06’ 23’’ W) between the Magdalena and Cauca river 
valleys. Tolima has four different climate zones: one semi-wet located at the Central and 
Eastern mountain ranges with an annual rainfall higher than 2,000 mm, another small 
area from west to southwest is scheduled as slightly wet with an annual rainfall between 
1,500 and 2,000 mm; the area over the Magdalena river valley is considered as sub-
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humid with an annual rainfall between 1,000 and 1,500 mm and an average temperature 
of 24°C. 
 
3.1.3 Coffee Cut-Stems (CCS), Sugarcane Bagasse and 
Leaves 
 
Sugarcane bagasse and leaves were obtained from a farm placed at Neira town (5° 9' 0" 
N, 75° 32' 0" W) located at Caldas Department, which altitude is 1.969 meters above sea 
level and has an average temperature of 18°C with an average annual rainfall of 2,000 
mm. 
 
3.1.4 Raw Material Conditioning 
 
Materials have some impurities remaining, therefore theses must be removed before their 
pretreatment. Materials were washed with enough water and fibers were separated from 
each other by hand and using a knife. Drying was carried on in an oven at 75°C during 6 
hours until constant weight. Finally, dried materials were ground to pass 10 mesh (2 mm) 
using a mill blade (Thomas Model 4 Wiley® Mill). 
 
3.2 Microorganisms and Enzymes 
 
Cellulase cocktail (Celulasa CE 2) from Trichoderma reesei cellulolytic activity of cellulase 
ECU (endo-1,4-beta glucanase) equivalent to 22,000 ECU/g.+/-5% was purchased from 
Proenzimas (Cali-Colombia). Native thermotolerant Saccharomyces cerevisiae strain was 
employed as fermentative microorganism. 
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3.3 Raw Material Characterization Methods 
 
All determinations were carried out on duplicate samples. Moisture contents were 
measured at 105 °C using a moisture analyzer LP 11 (METTLER). 
 
3.3.1 Extractives 
 
The extractives area group of cell wall chemicals mainly consisting of fats, fatty acids, 
fatty alcohols, phenols, terpenes, steroids, resin acids, rosin, waxes, etc. These chemicals 
exist as monomers, dimers, and polymers. They derive their name as chemicals that are 
removed by one of several extraction procedures. 
 
This method describes a procedure for extraction of fiber for further analysis, such as 
holocellulose, hemicellulose, cellulose, and lignin analysis. Neutral solvents, water, 
toluene or ethanol, or combinations of solvents are employed to remove extractives in 
agro-based fibers. However, other solvents ranging from diethyl ether to 1% NaOH, etc. 
could be applied according to the nature of extractives. 
 
3.3.1.1 Sample preparation 
 
It is highly recommended to have a fresh sample. If not, keep the sample in a refrigerator 
to avoid fungal attack. Samples are oven dried for 24 hours (usually at 105°C) before 
milling. Samples are ground to pass 40 mesh (0.40 mm) using a Wiley Mill. 
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3.3.1.2 Reagents 
Anhydrous ethanol and Toluene, reagent grade. Toluene–ethanol mixture, mix one 
volume of ethanol and two volumes of toluene. 
 
3.3.1.3 Procedure 
 
According to TAPPI standard (Technical Association for the Pulp and Paper Industries), 
weigh 2-3 g of sample into covered preweighed extraction thimbles. Place the thimbles in 
a vacuum oven not hotter than 45°C for 24 h, or to a constant weight. Cool the thimbles in 
a desiccator for one hour and weigh. Then, place the thimbles in Soxhlet extraction units. 
Place 200 mL of the toluene–ethanol mixture in a 500 mL round bottom flask with several 
boiling chips to prevent bumping. Carry out the extraction in an extraction chamber for 24 
h, keeping the liquid boiling so that siphoning from the extractor is no less than four times 
per h. After extraction with the toluene:ethanol mixture, take the thimbles out of the 
extractors, drain the excess solvent, and wash the samples with ethanol. Place them in 
the oven overnight at temperatures not exceeding 45°C for 24 h. When dry, remove them 
to a desiccator for one hour and weigh.  
 
3.3.2 Ash content 
 
The ash content of fiber is defined as the residue remaining after ignition at 575° ± 25° C 
(1067° ± 5°F) for 3 h, or longer if necessary to burn off all the carbon. It is a measure of 
mineral salts in the fiber, but it is not necessarily quantitatively equal to them. 
 
 
60 Design and Evaluation of Fuel Alcohol Production from Lignocellulosic 
 
3.3.2.1 Sample preparation 
 
Obtain a representative sample of the fiber, preferably ground to pass a 40-mesh screen. 
Weigh, to 5 mg or less, a specimen of about 5 g of moisture-free fiber for ashing, 
preferably in duplicate. 
 
3.3.2.2 Procedure 
 
The ash content was determined according to TAPPI standard T211 om-93 [211].   
Carefully clean the empty crucible and cover, and ignite them to constant weight in a 
muffle furnace at 575 ± 25°C. After ignition, cool slightly and place in a desiccator. When 
cooled to room temperature, weigh the crucible and cover on the analytical balance. 
 
3.3.3 Holocellulose content 
 
Holocellulose is defined as a water-insoluble carbohydrate fraction of plant materials. 
According to [211] there are three ways of preparing holocellulose and their modified 
methods: (1) Chlorination method (also ASTM Standard D1104); (2) Modified chlorination 
methods; and (3) Chlorine dioxide and chlorite methods. 
 
3.3.3.1 Sample preparation 
 
The sample should be extractive and moisture free. 
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3.3.3.2 Reagents 
 
Acetic acid, reagent grade, sodium chlorite, NaClO2, technical grade (80%). 
 
3.3.3.3 Procedure 
 
Holocellulose was determined according to the chlorination method described by the 
ASTM Standard D1104 [211]. To 2.5 g of sample, add 80 mL of hot distilled water, 0.5 mL 
acetic acid, and 1 g of sodium chlorite in a 250 mL Erlenmeyer flask. An optional 25 mL 
Erlenmeyer flask is inverted in the neck of the reaction flask. The mixture is heated on a 
water bath at 70°C. After 60 min, 0.5 mL of acetic acid and 1 g of sodium chlorite are 
added. After each succeeding hour, fresh portions of 0.5 mL acetic acid and 1 g sodium 
chlorite are added with shaking. The delignification process degrades some of the 
polysaccharides, and the application of excess chloriting should be avoided. Continued 
reaction will remove more lignin but hemicellulose will also be lost. Addition of 0.5 mL 
acetic acid and 1 g of sodium chlorite is repeated until the fibers are completely separated 
from lignin. It usually requires 6 h of chloriting, and the sample can be left without further 
addition of acetic acid and sodium chlorite in the water bath overnight. At the end of 24 h 
of reaction, cool the sample and filter the holocellulose on filter paper using a Buchner 
funnel until the yellow color (the color of holocellulose is white) and the odor of chlorine 
dioxide are removed. Wash with acetone, vacuum-oven dry at 105°C for 24 h, place in a 
desiccator for an hour and weigh. The holocellulose should not contain any lignin and the 
lignin content of holocellulose should be determined and subtracted from the weight of the 
prepared holocellulose. 
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3.3.4 Cellulose content 
 
The preparation of a -cellulose is a continuous procedure from Procedure 3.3.1.3.3 in 
pursuit of the ultimately pure form of fiber. Thus the last fraction gives the hemicellulose 
content. 
 
3.3.4.1 Reagents 
 
Sodium hydroxide solutions, 17.5% and 8.3%, acetic acid, 10%, mix one part by weight of 
glacial acetic acid with nine parts of distilled water. 
 
3.3.4.2 Procedure 
 
Weigh out about 2 g of vacuum-oven dried holocellulose and place into a 250-mL glass 
beaker provided with a glass cover. Measure 25 mL of 17.5% NaOH solution in a 
graduated cylinder and maintain at 20°C. Add 10 mL of 17.5% NaOH solution to the 
holocellulose in the 250-mL beaker, cover with a watch glass, and maintain at 20°C in the 
water bath. Manipulate the holocellulose lightly with a glass rod with the flat end so that all 
of the specimen becomes soaked with the NaOH solution. 
 
After 2 min, manipulate the specimen with the glass rod by pressing and stirring until the 
particles are separated from one another. After the addition of the first portion of 17.5% 
NaOH solution to the specimen, at 5 min intervals, add 5 mL more of the NaOH solution 
and thoroughly stir the mixture with the glass rod, until the NaOH is gone. 
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Allow the mixture to stand at 20°C for 30 min, making the total time for NaOH treatment 
45 min. Add 33 mL of distilled water at 20°C to the mixture. Thoroughly mix the contents 
of the beaker and allow to stand at 20°C for 1 h before filtering. 
 
Filter the cellulose with the aid of suction into the tarred, alkali-resistant fitted-glass 
crucible of medium porosity. Transfer the entire holocellulose residue to the crucible, and 
wash with 100 mL of 8.3% NaOH solution at 20°C. After the NaOH wash solution has 
passed through the residue in the crucible, continue the washing at 20°C with distilled 
water, making certain that all particles have been transferred from the 250-mL beaker to 
the crucible. Washing the sample in the crucible is facilitated by releasing the suction, 
filling the crucible to within 6 mm of the top with water, carefully breaking up the cellulose 
mat with a glass rod to separate any lumps present, and again applying suction. Repeat 
this step twice. 
 
Pour 15 ML of 10% acetic acid (at room temperature) into the crucible, drawing the acid 
into the cellulose by suction but, while the cellulose is still covered with acid, release the 
suction. Subject the cellulose to the acid treatment for 3 min from the time the suction is 
released, then apply suction to draw off the acetic acid. Without releasing the suction, fill 
the crucible almost to the top with distilled water at 20°C and allow to drain completely. 
Repeat the washing until the cellulose residue is free of acid (as indicated by litmus 
paper. Give the cellulose a final washing by drawing, by suction, an additional 250 ML of 
distilled water through the cellulose in the crucible. Dry the crucible on the bottom and 
sides with a cloth and then, together with the weighing bottle in which the sample was 
originally weighed, place it overnight in a vacuum oven to dry at 100-105°C. Cool the 
crucible and weighing bottle in a desiccator for 1 h before weighing. 
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3.3.5 Klason lignin content 
 
Klason lignin gives a quantitative measure of lignin and is not suitable for the study of 
lignin structures. About 10-15% of Klason lignin of non-wood sources could be protein, 
and the protein content should be subtracted from the Klason lignin value applying the 
Kjeldahl procedure 
 
3.3.5.1 Sample preparation 
 
The sample should be extractive and moisture free. 
 
3.3.5.2 Reagents 
 
Sulfuric acid, 75% and 4% by volume. 
 
3.3.5.3 Procedure 
 
This procedure is a modified version of TAPPI T222 acid-insoluble lignin in wood and pulp 
(TAPPI, T-222). The lignin isolated using this procedure is also called sulfuric acid lignin. 
 
Accurately weigh out approximately 200 mg of ground vacuum dried sample into a 100 
mL centrifuge tube. To the sample in a 100 mL centrifuge tube, add 1 mL of 72% (w/w) 
H2SO4 for each 100 mg of sample. Stir and disperse the mixture thoroughly with a glass 
rod twice, then incubate the tubes in a water bath at 30°C for 60 min. Add 56 mL of 
distilled water. This results in a 4% solution for the secondary hydrolysis. 
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Autoclave at 121°C, 15 psi, for 60 min. Remove the samples from the autoclave and filter 
off the lignin, with glass fiber filters (filters were rinsed into crucibles, dried and tarred) in 
crucibles using suction, keeping the solution hot. Wash the residue thoroughly with hot 
water and dry at 105°C overnight. Move to a desiccator, and let it sit 1 h and weigh. 
Calculate Kason lignin content from weights. 
 
3.3.6 Protein Content by Kjeidahl Method 
 
The organic compound is digested with concentrated sulfuric acid, which converts 
combined nitrogen into ammonium sulfate. The solution is then made alkaline. The 
liberated ammonia is then distilled, and the amount determined by titration with standard 
acid. It is directly applicable to amines and amides but not to nitro-, azo-, and azoxy-
compounds. These latter compounds must be reduced (Zn-Hg amalgam and acid or 
salicylic acid, sodium thiosulfate and acid) before the Kjeldahl treatment. The protein 
content is then obtained by multiplying the percent nitrogen in an aliquot of fiber by an 
empirical factor of 6.25. 
 
3.3.6.1 Sample preparation 
 
The sample should be extractive and moisture free. 
 
3.3.6.2 Reagents 
 
Boric acid, H3BO3, copper sulfate, CUSO45H2O, hydrochloric acid (0.01N), HCl, DL-
Norvaline (99%, Aldrich), potassium sulfate, K2SO4, sodium carbonate, NaCO3, sodium 
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hydroxide, NaOH, sulfuric acid, H2SO4, sodium thiosulfate, anhydrous, Na2S2O3, mercury 
(II) oxide, red, HgO. 
 
3.3.6.3 Procedure 
 
Digestion: Weigh approximately 100 mg of sample to the nearest 0.1 mg into 30 mL 
Kjeldahl flask. Add 5 g of K2SO4 per gram of sample and 250 mg CuSO45H2O per gram of 
sample to each flask. Next, add 10 mL of concentrated H2SO4 per gram of sample. Place 
specimens on low heat at first and cook until all black carbon has disappeared and the 
solution appears tint in color. Kenaf fiber requires about 2 h for complete digestion, while 
10 mg of DL-Norvaline should be fully digested within 1 h. 
 
The weight of sample should be adjusted depending upon the nitrogen content followed 
by the size of Kjeldahl flask. More sulfuric acid may be needed and distilled water may be 
added to rinse the sample. 
 
Distillation and Titration: Close the upper stopcock (sample stopcock), open the lower 
(vacuum) stopcock and pull distilled water, from a large beaker submerged to the 
condenser tip, by suction and close the lower stopcock. Open the upper stopcock and fill 
the still with distilled water. Repeat this process until approximately 1–2 liters of water 
have been washed through the entire system. The lower drain spout is connected to an 
aspirator via a water trap, and waste water is removed after the rinsing. Add 5 ML of 4% 
boric acid and 5 drops of the mixed indicator to a 250 ML Erlenmeyer flask. Dilute with 20 
mL of distilled water (the solution should be green) and submerge the tip of the condenser 
in the solution. Open the upper stopcock and quantitatively transfer the digested sample 
from the Kjeldahl flask to the still. Also rinse the filling cup to insure the complete transfer. 
Close the upper stopcock and fill the cup with 28 ML of 40% NaOH. If the filling cup 
cannot hold the full volume of NaOH, open the stopcock slightly and transfer the 
remaining NaOH to the cup. Close the stopcock immediately once the NaOH has 
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completely drained. Replace the rubber stopper and plug in the heating coil. Distill until 
the volume in the Erlenmeyer flask has doubled. The solution should be blue in color. 
Lower the flask and rinse the condenser tip. Remove the rubber stopper and turn off the 
heating coil. Allow the sample to cool. Titrate the distillate from blue to a green endpoint 
with the standardized 0.01N HCl solution. 
 
3.4 Pretreatment Methods 
 
3.4.1 Alkaline Pretreatment 
 
This pretreatment was split into two steps. First step consisted of the treatment with 
sodium hydroxide according to the methodology exposed by [200, 212]. Washed fibers 
were soaked with NaOH 2% (volume basis) during 4 hours at 30°C with a solid to liquid 
ratio of 1:10. Second step implied the heating of the soaked fiber in an autoclave at 121°C 
for 6 minutes. 
  
3.4.2 Dilute-Acid Pretreatment 
 
Pretreatment of raw materials was carried out using different sulfuric acid solutions (0.5 
%, 1%, 2%, 2.5%, 3% and 4% (v/v)). In some cases two temperatures were evaluated (95 
°C and 135°C). In all cases the solid to dilute-acid solution ratio was 1:10 (w/w), however, 
for rice husk and sugarcane leaves it was assessed the influence of this ration. Other 
considered ratios were 1:5 and 1:15. Base reaction time was 20 min, however in some 
cases a longer one was evaluated (4 and 6 hours). After pretreatment, the solid and 
filtrate fractions were separated by filtration, solid fraction was washed twice using 
distillated and dried at room temperature. This pretreatment was based in methodology 
exposed by [213].  
68 Design and Evaluation of Fuel Alcohol Production from Lignocellulosic 
 
 
3.4.3 Liquid Hot Water 
 
This pretreatment was carried out in an autoclave using liquid water at 135°C for 4 hours 
with a solid to solution ratio of 1:10 (w/w).  
 
3.4.4 Hydrolisate detoxification 
 
Hydrolisate was detoxified according to the methodology exposed by [161, 214]. 
Hydrolisate was neutralized with calcium hydroxide until pH 10 and maintained at 30°C 
during 2 hours and filtrated again. Third, sodium sulfite was added at a mass ratio of 1.2:1 
(solution/sulfite). Finally, pH was adjusted to 5.5 with sulfuric acid 5% (volume basis). 
 
3.4.5 Saccharification 
 
3.4.5.1 Dilute-acid Saccharification 
 
Dilute-acid saccharification was carried out by two sequential saccharification steps. 
Firstly, mild conditions, corresponding to the pretreatment using dilute-sulfuric acid 1% 
(v/v) at 95 °C, 150 rpm and a rice husk to dilute-acid ratio of 1:10 (w/v) for 6 hours were 
used. Secondly, both temperature and shaking were increased to 120 °C and 200 rpm, 
respectively. 
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3.4.5.2 Enzymatic Saccharification 
 
Enzymatic hydrolysis (saccharification) of cellulose was carried out employing cellulase 
from T. longibrachiatum strain. After pretreatment and detoxification processes, 
saccharification was carried out by mixing the filtrate and solid fractions and heating at 
120ºC for 20 minutes in an autoclave. The mixture was then removed out and placed into 
an Erlenmeyer and incubated by shaking at 100 rpm and a temperature range between 
40 and 60ºC. Further, pH of the mixture was adjusted to 4.5 using acetic acid and an 
enzyme dosage of 1% (v/w) was added. Finally, the saccharification was stopped by 
increasing the temperature until reaches 70ºC for 10 minutes, and the hydrolyzed was 
then filtrated to remove the solid fraction and the concentration of reducing sugars 
analyzed.    
 
Enzymatic hydrolysis of the alkaline pretreated fibers was accomplished with a cellulase 
cocktail (Celulasa CE 2, Proenzimas) from Trichoderma ressei using as medium the 
remaining soaking solution of the alkaline pretreatment. When, soaking solution was used 
in hydrolysis this was previously neutralized with acetic acid. Operation conditions were 
pH 4, temperature 50°C and agitation at 3.3 Hz for different reaction times. Four enzyme 
solutions to fiber ratios were evaluated: 1:1, 1.5:1, 2:1, 4:1 (cm3 g-1) using an enzymatic 
activity of 25 filter paper units (FPU) per gram. These ratios were denoted as: R1, R2, R3 
and R4, respectively. Effect of autoclaving (second step of alkaline pretreatment) and the 
use of sodium acetate buffer (0.5 mol dm-3) on enzymatic hydrolysis were analyzed.  
 
Hydrolysis percentage was calculated according to the equation (Eq. 1) [215]: 
 
% Hydrolysis = RSC∗100∗0.9
m∗0.77  Eq. (1) 
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Where, ‘RSC’ is the reducing sugars concentration in mg cm-3 and ‘m’ is the dry mass 
fiber concentration. 
 
3.4.6 Fermentation 
 
Detoxified hydrolisate was vacuum filtered and pH was adjusted to 4 with sulfuric acid 5% 
(volume basis) before glucose fermentation. A native Saccahromyces cerevisiae strain 
was used for ethanol fermentation. Fermentations were carried out in 1liter glass balloons 
at 35°C with an operation volume of 350 ml. Nutrients were added according to the 
method suggested by [216, 217]. For each 10 g of reducing sugars was added 500 mg  
yeast, 50 mg (NH4)2HPO4, 5 mg MgSO4*7H2O, 230 mg NaH2PO4, 10.5 mg CO(NH2)2 and 
5 mg FeCl3. 
 
Prior fermentation, the hydrolysate was detoxified as mentioned above, nutrients for 
fermentation added and pH adjusted to 4 and kept temperature at 40°C.  The ethanol 
fermentation was started by inoculating the fermentation broth with 0.5 wt % of S. 
cerevisiae cell (with respect to the reducing sugar contents in the hydrolysate coming 
from enzymatic or dilute-acid hydrolysis) and semi-anaerobically conditioned.   
 
3.4.7 Samples analysis 
 
3.4.7.1 Reducing sugars concentration 
 
DNS method was used for determining the total reducing content during enzymatic 
hydrolysis and after hydrolysate detoxification. Sample was centrifugated in a Hermle 
Z300K Centrifuge (Woodbrige, New Jersey) during 5 minutes at a relative centrifugal 
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force of 604g. Absorbance of reaction samples from DNS method was measured with a 
ThermoSpectronic GENESYS 20 spectrophotometer at a wave length of 540 nm. 
Anhydrous glucose was used for calibration. 
 
Reducing sugars in hydrolysates from enzymatic and dilute-acid hydrolysis were estimate 
spectrophotometrically at 540 nm by DNS method. 
 
3.4.7.2 Sugars and ethanol concentration  
 
Sugars were quantified by the HPLC system (Agilent Technologies) using a HyperREZ 
XP Sugar Alcohols column (250 x 4.0 mm). Degassed, deionized water was used as 
mobile phase. The column oven and RID were maintained at 65°C, and flow rate for 
mobile phase was fixed at 0.3 ml/min. The samples were diluted, centrifuged and filtered 
using 0.45 µ RC membranes into the HPLC vials. Peaks were detected by the RI detector 
and quantified on the basis of area and retention time of the standards (sucrose, glucose, 
xylose, arabinose, ethanol) procured from Sigma–Aldrich and prepared in the same 
mobile phase as the one used for elution. 
 
3.5 Process simulation 
 
3.5.1 Overview 
 
The application of the methodology starts with the collection of information. The 
information obtained from primary and secondary sources allows putting in context and 
adapting the methodology to the conditions of Colombia (see Figure 3-1). The feedstocks 
for producing fuel ethanol were pre-defined according to the availability disuccsed in 
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chapter 2. Once the raw materials are chosen, their chemical composition was defined 
based on laboratory characterization. The in-country data collection is very important 
since it makes possible to verify the reality in the ground as compared to the data 
obtained from secondary sources i.e. reports and other literature sources.  
 
Once the main characteristics of the chosen feedstock are determined, the 
thermodynamic properties of the components of these materials are generated. The 
ethanol processes involves phase changes of compounds, therefore, the values of the 
binary interaction parameters of the thermodynamic model selected need to be specified. 
In this case, the non-random two-liquid (NRTL) equation was employed for the liquid 
phase and the Hayden O’Conell equation of state for vapour phase. The generation of the 
component properties allows the development of a complete data base, which can be 
used to evaluate the performance of many technological configurations. This configuration 
process generates results on biofuel production yield and efficiency to each biofuel 
technology conversion pathway. 
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Figure 3-1: Techo-Economic Methodological Approach 
 
 
 
The selection of technologies for production of fuel ethanol and biodiesel was performed 
by taking into account the particular technology situation in the country and the properties 
of the components involved in the conversion process.  
 
The selected technologies are used to generate conversion pathways or process 
flowsheets representing the different ways for producing fuel ethanol. The production 
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system is divided into different processing steps including the conditioning of feedstock, 
reaction or transformation of feedstock and product recovery.  
 
The process flowsheets are analyzed using commercial simulators and specialized 
software. The simulation process generates the energy consumption and the operating 
costs for each of the conversion processes. The results are evaluated for each one of the 
process flowsheets and use in the formulation of suitable ethanol development 
recommendations. A feedback loop from the technology evaluation to the feedstock 
selection is established to improve the evaluation procedure when the methodology 
described above is applied (see Figure 3-1). 
 
3.5.2 Data base of physical-chemical properties 
 
One of the major tasks during the simulation is to develop a database containing the 
physical-chemical properties for all the components involved in the production of fuel 
ethanol. The quality of results generated during the simulation strongly depends on the 
quality of these physical-chemical properties. The properties for all the components 
involved in the conversion process play a crucial role in the simulation. The process 
simulator used in this work (Aspen Plus™) requires a complete and suitable definition of 
the thermal and physical-chemical properties to obtain appropriate results. As such, the 
data to define these properties came from secondary sources [218], information 
generated by the simulator itself and by other specialized software. An example of the 
physical-chemical properties calculated is provided in Annex I. 
 
3.5.3 Simulation procedure 
 
Each of the process schemes corresponding to each feedstock and each technology was 
simulated. The objective of this procedure was to generate the mass and energy balances 
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from which the requirements for raw materials, consumables, service fluids and energy 
needs are calculated. Prior to the simulations, extensive information was reviewed and 
analyzed to define the operation parameters for each one of the processing steps. An 
example of the main input data required by the simulation for a proposed flowsheets 
corresponding to the ethanol production from lignocellulosics is, shown in Annex II.  
 
The simulation and modeling activities were performed using different commercial 
packages as well as specialized software. The simulation for each technological 
flowsheets included all the processing steps for conversion of feedstocks into biofuel. For 
this, the main simulation tool used was the package Aspen Plus version 7.1 (Aspen 
Technology, Inc., USA). Additional data on components physical properties required for 
simulation were obtained from the work of Wooley and Putsche [218]. One of the most 
important issues to be considered during the simulation is the appropriate selection of the 
thermodynamic models that describe the liquid and vapour phases. The Non-Random 
Two-Liquid (NRTL) thermodynamic model was applied to calculate the activity coefficients 
of the liquid phase and the Hayden-O’Conell equation of state was used for description of 
the vapour phase. 
 
 
3.5.3.1 Types of fermentation and hydrolysis models 
 
The onset of the simulation process for ethanol production required a suitable description 
of the different processing steps. For this, it was necessary to define the level of detail for 
the models used for the simulation. This is particularly relevant in the case of the 
fermentation and enzymatic hydrolysis. For the detailed simulation of the overall process, 
the fermentation was described through kinetic models which structure depends on the 
type of sugars derived from the conditioning and pre-treatment of feedstock. The kinetic 
models used were chosen based on the corresponding literature review taking into 
account the ease of their implementation, but seeking that the nature of the studied 
phenomenon was contemplated in a complete way. Thus, structured and segregated 
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models of metabolic character were discarded because their level of detail does not 
correspond to the problem of evaluating global technologies. Therefore, non-structured, 
non-segregated models were used. These models were selected taking into account 
inclusion of the following key aspects: substrate limitation, substrate inhibition, product 
inhibition, and cell growth.  
 
3.5.3.2 Types of separation models  
 
The analysis of conventional separation methods in the distillation process was carried 
out with the help of the corresponding modules of the process simulators. For this, both 
short-cut methods and rigorous models available in the simulation package were 
employed. For simulation of the different technologies involving the operation of 
distillation, the short-cut method DSTWU incorporated in the package Aspen Plus was 
applied. This method uses the equations and correlations of Winn-Underwood-Gilliland in 
order to provide an initial estimation of the minimum number of theoretic stages, minimum 
reflux ratio, location of the feed stage, and components distribution. The rigorous 
calculation of the operating conditions in the distillation columns was performed using the 
module RadFrac based on the equilibrium method that employs the MESH equations 
(Mass balance equations, phase Equilibrium equations, Summation of the compositions, 
and Heat balance equations) using the inside-out algorithm.  
Sensitivity analyses were performed in order to study the effect of the main operating 
variables (reflux ratio, temperature of the feed stream, ratio between the distillate and the 
feed, etc.) on the purity of ethanol or biodiesel and the energy consumption of this 
operation. The final result is the determination of operating conditions that allow 
developing energetically efficient processes for concentration and dehydration of ethanol.  
 
In the analysis of the ethanol dehydration processes by adsorption using molecular 
sieves, the mathematical description for dehydration of ethanol in the vapour phase at 
high pressures was done according to the technology of pressure swing adsorption (PSA) 
proposed by Guan y Hu [219]. For simulation of this dehydration process, it was 
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considered that the adsorption is carried out in vapour phase. For this reason, the 
distillate of the rectification column is not condensed and is superheated at 116°C in order 
to send it to the adsorption column. The operating cycle of the two adsorption columns 
comprises the pressurization of the column (that is carried out using the overhead 
vapours from rectification column), adsorption of water (in this period the product is 
removed), and desorption of water (that is carried out with a fraction of the vapours of the 
product). For PSA technology, the desorption was simulated at 0.14 atm of pressure. The 
vapours resulting from the desorption process are recycled back to the rectification 
column where the ethanol used is recovered. While one of the adsorption columns 
operates under pressure obtaining 99.5 percent by weight of ethanol, the other one is 
regenerated. The length of the whole cycle is ten minutes.  
 
3.6 Economic assessment 
 
3.6.1 Cost estimation 
 
The estimation of the energy consumption was performed based on the results of the 
mass and energy balances generated by the simulation. For this, the thermal energy 
required in the heat exchangers and re-boilers was taken into account, as well as the 
electric energy needs of the pumps, compressors, mills and other equipments. The capital 
and operating costs were calculated using the software Aspen Icarus Process Evaluator 
(Aspen Technologies, Inc., USA). However, specific parameters regarding the Colombia 
conditions such as the costs of the raw materials, income tax, labour salaries, among 
others, were incorporated in order to calculate the production costs of one litre of ethanol. 
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3.6.2 Evaluation criteria 
 
The production processes have common features that can be compared to determine 
which of them has the best performance. Among the common features are the energy 
consumption and production costs. 
 
The energy consumption was an evaluation criterion taking into account the energy 
required to produce one unit (litre) of ethanol. The energy demand was calculated from 
the mass and energy balances generated by the simulator. The balances included the 
energy consumption of the reboilers and the condensers of distillation columns used in 
the purification of ethanol, the energy consumption of the reactors and the energy 
required to carry out the milling of the sugar cane. The possibility of cogeneration was 
also accounted for in the evaluation. This allowed assessing the impact of co-generation 
on the overall energy consumption. The energy costs (Electricity price US$0.038/kWh) 
were calculated based on the costs stipulated by Colombian Government. 
 
Other evaluation criterion corresponds to the production costs, which are directly related 
to costs of labour, raw materials, transport, utilities, maintenance, operating charges, 
indirect costs, plant overhead, and administrative expenses. Each evaluated item is 
related to the actual economic conditions in Colombia. Labor costs were based on the 
2011 Colombian minimum wage and was estimated to be US$2.14 per hour for unskilled 
and US$4.29 per hour for skilled labor. Water price was estimated to be US$1.25/cubic 
meter. The tax rate was assumed to be 33 % per period. The depreciation period was 10 
years. 
 
Overall, taking into consideration Colombian unique socio-economic situation and the 
evaluation of the technical criteria it is possible to obtain production costs that agree with 
the reality of the country. It is important to highlight that the production costs are closely 
related to technology as well as assumptions on cost of feedstock.  
  
 
4. 3BCharacterization of Lignocellulosic wastes 
 
Lignocellulosic material consists of mainly three different types of polymers, namely 
cellulose, hemicellulose and lignin, which are associated which each other. 
 
4.1 Cellulose 
 
Cellulose exists of D-glucose subunits, linked by b-1,4 glycosidic bonds (see Fig 4.1). The 
cellulose in a plant consists of parts with a crystalline (organized) structure, and parts with 
a, not well-organized, amorphous structure. The cellulose strains are ‘bundled’ together 
and form so called cellulose fibrils or cellulose bundles. These cellulose fibrils are mostly 
independent and weakly bound through hydrogen bonding [104]. 
 
Figure 4-1: Cellulose structure 
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4.2 Hemicellulose 
 
Hemicellulose is a complex carbohydrate structure that consists of different polymers like 
pentoses (like xylose and arabinose), hexoses (like mannose, glucose and galactose), 
and sugar acids (see Figure 4-2). The dominant component of hemicellulose from 
hardwood and agricultural plants, like grasses and straw, is xylan, while this is 
glucomannan for softwood [1]. 
 
Figure 4-2: Generalized structure of hemicellulose 
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Hemicellulose has a lower molecular weight than cellulose, and branches with short 
lateral chains that consist of different sugars, which are easy hydrolyzable polymers. 
Hemicellulose serves as a connection between the lignin and the cellulose fibers and 
gives the whole cellulose–hemicellulose– lignin network more rigidity [104]. 
 
The solubility of the different hemicellulose compounds is in descending order: mannose, 
xylose, glucose, arabinose, and galactose. The solubility increases with increasing 
temperature. The solubility’s of higher molecular polymers could not be predicted, 
because of unknown melting points. The solubilization of hemicellulose compounds into 
the water starts around 180 ºC under neutral conditions according to [56]. However, 
Garrote et al. [57] mentioned that already from 150 ºC parts of the hemicellulose 
solubalize. The solubilization of lignocellulose components not only depends on 
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temperature, but also on other aspects like moisture content and pH. The xylan of 
hemicellulose can be extracted quite well in an acid or alkaline environment, while 
glucomannan can hardly be extracted in an acid environment and needs a stronger 
alkaline environment than xylan to be extracted [69]. Xylan appears to be the part that can 
be extracted the most easily. 
 
Of cellulose, hemicellulose and lignin the hemicelluloses are the most thermal-chemically 
sensitive. During thermal–chemical pretreatment firstly the side groups of hemicellulose 
react, followed by the hemicellulose backbone. 
 
4.3 Lignin 
 
Lignin is, after cellulose and hemicellulose, one of the most abundant polymers in nature 
and is present in the cellular wall. It is an amorphous heteropolymer consisting of three 
different phenylpropane units (p-coumaryl, coniferyl and sinapyl alcohol, see Figure 4-3) 
that are held together by different kind of linkages. The main purpose of lignin is to give 
the plant structural support, impermeability, and resistance against microbial attack and 
oxidative stress.  The amorphous heteropolymer is also non-water soluble and optically 
inactive; all this makes the degradation of lignin very tough. Lignin, just like hemicellulose, 
normally starts to dissolve into water around 180 ºC under neutral conditions [56]. The 
solubility of the lignin in acid, neutral or alkaline environments depends however on the 
precursor (p-coumaryl, coniferyl, sinapyl alcohol or combinations of them) of the lignin. 
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Figure 4-3: Generalized structure of lignin 
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4.4 Experimental characterization 
 
As raw material SCB should be analyzed from composition, structure and surface 
properties. Composition is described in Table 4-1, main components are cellulose and 
hemicellulose, lignin content is relatively low compared to other related materials and ash 
content is very low. 
Compositions of the studied Colombian lignocellulosic wastes are shown in Table 4-2 to 
Table 4-6. 
Table 4-1: Sugarcane bagasse composition 
All values are in weight percent on dry basis 
ND: Non-data available 
Lignin Hemicellulose Cellulose Ash Others Remarks References 
4.31 23.88 33.63 1.29 31.96 
Content analysis 
was made after the 
removal of the rind 
Pattra et al., 2008 
25 25 40–50    Pandey et al., 2000 
21.8 24.5 34.5    Lee et al., 2009 
23.9 26.16 38.9 ND 11.0 
Hemicellulose has 
been determined 
has xylan and 
araban. 
Rodriguez-Chong et 
al., 2004 
20-30 30-35 40-45    Peng et al., 2009 
29.4 ND ND 1.9 ND 
Hemicellulose and 
cellulose have 
been determined 
jointly as 
holocellulose 
(62.9%) 
Li et al. 2002 
ND 30–35 ND ND ND  Gámez et al., 2006 
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4.4.1 Results 
 
 
4.4.1.1 Empty Fruit Bunches 
  
The chemical composition of the main components in EFB is shown in Table 4-2. As can 
be seen, the highest compositional content, in dry basis, was for the cellulosic 
component. In contrast, lignin content was nearly the half cellulose composition in the 
material. This fact shows up two important advantages EFB to be used as potential 
feedstock for ethanol production; First of all, this byproduct is a material enriched in 
cellulose which can potentially be recovered as reducing sugar source. Secondly, the low 
lignin content associated with the cellulose makes technical and economically feasible the 
recovery of almost completely the total cellulose by using a suitable delignification 
process. Finally, the mean moisture content found in EFB was nearly 65.04% leading to 
conclude that a previous drying process for the material must be included if a size 
reduction is need. 
Table 4-2: EFB chemical characterization 
Component  Content (wt%) 
Cellulose 13.75±0.44 
Hemicellulose 12.79±0.40 
Lignin 7.79±0.08 
Ash 0.63±0.04 
Moisture 65.04±1.80 
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4.4.1.2 Rice Husk 
 
The chemical composition of the main components in rice husk is shown in Table 4-3. As 
can be seen, the highest compositional content was for the holocellulosic complex. In 
contrast, lignin content was near the half of holocellulose composition in the material. This 
fact shows up two important advantages for rice husk to be use is a material enriched in 
cellulose which can potentially be recovered as reducing sugar source. Secondly, the 
relatively low lignin content associated with the holocellulose makes technical and 
economically feasible the recovery of almost completely the total cellulose by using a 
suitable delignification process. 
 
On the other hand, extractives which can be defined as fats, fatty acids, phenols, among 
other compounds, are in quite less proportion than the rest and its interfering effect can 
most probably be neglected. The mean moisture content found in rice husk was nearly 
10.2 % leading to conclude that a previous drying process for the material must be 
included if a size reduction is need. 
 
Table 4-3: Rice husk composition 
Component Value (%) St. Desv. (%) 
Extractivos 1.58 0.83 
Holocelulosa 63.53 1.74 
Celulosa 49.21 0.83 
Hemicelulosa 50.79  
Lignina Klason 35.50 1.73 
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4.4.1.3 Coffee Cut-Stems 
 
The chemical composition of the main components in coffee cut-stems is shown in Table 
4-4. As can be seen, the highest compositional content was for the holocellulosic 
complex. In contrast, lignin content was near the half of holocellulose composition in the 
material. This fact shows up two important advantages for rice husk to be use is a 
material enriched in cellulose which can potentially be recovered as reducing sugar 
source. Secondly, the relatively low lignin content associated with the holocellulose 
makes technical and economically feasible the recovery of almost completely the total 
cellulose by using a suitable delignification process. On the other hand, extractives are in 
quite less proportion than the rest.  
 
Table 4-4: Coffee-cut steams composition 
Component Value (%) St. Desv. (%) 
Extractivos 7.53 0.30 
Holocelulosa 58.53 1.88 
Celulosa 57.33  
Hemicelulosa 42.67  
Lignina Klason 21.75 1.768 
 
 
Table 4-5: Sugarcane bagasse composition 
Component Value Est. Desv.  
Extractives 7.06% 0.07% 
Holocellulose 56.28% 4.18% 
Cellulose 54.58% 0.02% 
Hemicellulose 45.42%  
Lignina Klason 21.25% 1.768% 
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Table 4-6: Sugarcane leaves composition 
Componente Valor Desv. Est. 
Extractivos 7.28% 0.38% 
Holocelulosa 54.01% 1.27% 
Celulosa   
Hemicelulosa   
Lignina Klason 10.34% 1.321% 
 
 
 
 
 
 
 
 

  
 
5. 4BProcess Simualtion and Economic 
Assessment of Fuel Ethanol Production 
from Lignocellulosic Wastes 
 
5.1 Process description 
 
In Figure 5-1it is shown the ethanol process flowsheet, different pretreatment present the 
same configuration with differences only in the hydrolysis operation conditions. Ethanol 
production process comprises five stages: pretreatment, detoxification, enzymatica 
saccharification, fermentation and separation.  
 
Size Reduction and Pretreatment: This part of the process involves a stage of size 
reducing in which the particle diameter to be reached is 1 mm. After milling and sieving, 
the raw material is subjected to a stage of dilute acid hydrolysis (135 °C for 4 hours) or 
liquid hot water pretreatment (220 °C for 30 min) which allows the conversion of 
hemicellulose into pentoses (mainly xylose). Furfural, HMF and organic acids are 
byproducts of this process. 
 
Detoxification: Two streams are obtained in the previous stage: liquid and solid fractions. 
Liquid fraction is treated with Ca(OH)2 at 60 °C for 30 min, in order to reduce the 
concentration of furfural and HMF which are inhibitory compounds for further 
fermentation. Then, the stream out of the detoxification is neutralized with sulfuric acid. 
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Figure 5-1: Flowsheet of fuel ethanol production from SCB and CCS using either LHW 
or DA pretreatment. 1. Crusher, 2. Hydrolysis reactor, 3. Filter for separation of non-
hydrolyzed fiber, 4. Evaporator for xylose concentration, 5. Heat exchanger, 6. 
Detoxificattion reactor, 7. Filter for gypsum separation, 8. Neutralization reactor, 9. 
Enzymatic saccharification reactor, 10. Filter for separation of non-hydrolyzed fiber, 11. 
Evaporator for glucose concentration, 12. Heat exchanger, 13. Fermenter, 14. 
Concentration column, 15. Rectification column, 16. Molecular sieves for ethanol 
dehydration. 
 
 
Enzymatic Saccharification: Solid fraction is treated with cellulases (Celluclast 1,5L and β-
Glucosidase) to convert solid cellulose into hexoses at 50 °C in a buffer solution of 
Sodium Citrate (ph=4,8) for 96 hours. Finally, the streams of reducing sugars are mixed 
and ready for fermentation process. 
 
Fermentation and Separation: The main stage of the whole process of ethanol production 
is the fermentation. At this point, the reducing sugars streams coming from the previous 
stages are converted into ethanol by a recombinant bacteria Zymomonas mobilis ZM4 
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(pZB5) at 33 °C and a residence time of 30 h. Produced ethanol is separated from the 
broth by continuous distillation and further rectification. Molecular sieves column is 
required for ethanol dehydration. 
 
5.2 Kinetic models 
 
5.2.1  Dilute acid and liquid hot water pretreatments 
 
Dilute acid pretreatment was based on acid-catalyzed breakdown of hemicellulose chains 
to form shorter oligomers and further broke down to monomeric sugars. A well-
established first-order kinetic model of hemicellulose hydrolysis, including one type of 
hemicellulose fractions was included. In this work was considered only the fast 
hydrolyzing fraction for describing hemicellulose breakdown. Figure 5-2 shows the 
hemicellulose reaction scheme describing kinetic pathway of xylan fractions. 
 
Figure 5-2: Hemicellulose conversion scheme 
 
Kinetic parameters for hemicellulose depolymerization of CCS and SCB have been 
obtained from Esteghlalian et al. [213]. The reaction of hemicellulose hydrolysis on the 
above scheme was assumed to follow a first-order dependence on reactant concentration 
with an Arrhenius temperature association for the first-order rate constants (ki), following 
the Eq. (1). Decomposition rate of xylose to furfural was also considered by using this 
first-order reaction kinetic.  
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𝑘𝑖 = 𝐴 𝑒−𝐸 𝑅𝑇�         Eq. (1) 
 
Where, A is the pre-exponential factor and E the activation energy. The exponential 
factor, A, can be calculated taking into account acid concentration, Ca, according to 
eq.(2). 
𝐴 = 𝐴0 ∙ 𝐶𝑎𝑛        Eq. (2) 
 
The corresponding kinetic parameters for conversion of fast fraction to xylose, and xylose 
to furfural are shown in Table 5-1. In the case of dilute acid pretreatment the acid 
concentration was considered to be constant, at 0.909 mg acid/g reaction mixture. In the 
case of liquid hot water kinetic parameters used corresponded to the same than the dilute 
acid case but with a very low acid concentration (0.00909 mg acid/g reaction mixture). 
Due in this technology the occurring reaction are considered autocatalytic, it can be 
assumed that some acids (at low concentration) are released from the raw material at 
high temperatures (over 200°) for catalyzing the hemicelluloses hydrolysis. 
Table 5-1: Kinetic parameters used for pretreatment stage. 
Reaction Ao [ s-1] n E [kJ/kmol] 
Xylan 
depolymerization 3.34045× 1018 0.4 176,700 
 
Xylose degradation 1.8057× 109 0.55 102,000 
 
In the case of cellulose the kinetic parameter used are shown in Table 5-2. 
Table 5-2: Kinetic parameters used for cellulose hydrolysis. 
 
Reaction Ao [ s-1] n E [kJ/kmol] 
Cellulose 
depolymerization 1.54× 1018 1.3 179509 
Glucose 
degradation 2.10× 1012 1.02 135340 
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5.2.1.1 Detoxification 
 
Detoxification by overliming was simulated using the kinetic model exposed by Purwadi. 
et al. [220], this model is based in the following set of reactions: 
{ }
{ }
1
2
3
k
k
k
Z A ZA
ZA P Z
+ ←→
→ +  
Mathematic expressions for detoxification model are as follows: 
[ ] [ ] [ ] [ ]( ) [ ]1 20
d A
k A Z ZA k ZA
dt
= − − +
    Eq. (3) 
[ ] ( )[ ] [ ] [ ] [ ]( )2 3 1 0
d ZA
k k ZA k A Z ZA
dt
= − + + −
   Eq. (4) 
[ ] [ ]3
d P
k ZA
dt
=
       Eq. (5) 
[ ] [ ](14 )0 0,.10
pH
Z N
Z k Z− −= +
      Eq. (6) 
 
Where, [A], [ZA] and [P] represent the concentration in g/L of furfural, intermediate 
product and product of detoxification, respectively. [Z]0 is the initial concentration of Ca+2 
ion (g/L) and  [Z]0,N is the concentration of Ca(OH)2 needed to neutralize the hydrolysate 
and is equal to 4.3 g/L. The kinetic parameters used in the simulation were: k1= 0.0426, 
k2= 0.0426, k3= 0.0426 and kZ= 0.0426 min-1. 
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5.2.1.2 Double substrate fermentation 
 
In this work, for sugars fermentation it was used the mathematical model developed by 
Leksawasdi et al. [221] for double substrate fermentation (xylose and glucose). Authors 
suggest using the model at 33 °C and a residence time of 30 hours. This author obtained 
the experimental parameters of a kinetic model of fermentation where recombinant 
bacteria Zymomonas mobilis ZM4 (pZB5) is able to assimilate both glucose and xylose, 
simultaneously. Mathematical expressions for this model are as follows: 
𝑟𝑥,1 = 𝜇𝑚𝑎𝑥,1 � 𝑆1𝐾𝑠𝑥,1+𝑆1� �1 − 𝑃−𝑃𝑖𝑥,1𝑃𝑚𝑥,1−𝑃𝑖𝑥,1� � 𝐾𝑖𝑥,1𝐾𝑖𝑥,1+𝑆1�     Eq. (7) 
𝑟𝑥,2 = 𝜇𝑚𝑎𝑥,2 � 𝑆2𝐾𝑠𝑥,2+𝑆2� �1 − 𝑃−𝑃𝑖𝑥,2𝑃𝑚𝑥,2−𝑃𝑖𝑥,2� � 𝐾𝑖𝑥,2𝐾𝑖𝑥,2+𝑆2�     Eq. (8) 
𝑑𝑋
𝑑𝑡
=∝ 𝑟𝑥,1𝑋 + (1−∝)𝑟𝑥,2𝑋        Eq. (9) 
𝑑𝑆1
𝑑𝑡
= −∝ 𝑞𝑠,𝑚𝑎𝑥,1 � 𝑆1𝐾𝑠𝑠,1+𝑆1� �1 − 𝑃−𝑃𝑖𝑠,1𝑃𝑚𝑠,1−𝑃𝑖𝑠,1� � 𝐾𝑖𝑠,1𝐾𝑖𝑠,1+𝑆1� .𝑋    Eq. (10) 
𝑑𝑆2
𝑑𝑡
= −(1−∝)𝑞𝑠,𝑚𝑎𝑥,2 � 𝑆2𝐾𝑠𝑠,2+𝑆2� �1 − 𝑃−𝑃𝑖𝑠,2𝑃𝑚𝑠,2−𝑃𝑖𝑠,2� � 𝐾𝑖𝑠,2𝐾𝑖𝑠,2+𝑆2� .𝑋   Eq. (11) 
𝑑𝑃
𝑑𝑡
= �∝. 𝑟𝑝,1 + (1−∝). 𝑟𝑝,2�.𝑋       Eq. (12) 
𝑟𝑝,1 = 𝑞𝑝,𝑚𝑎𝑥,1 � 𝑆1𝐾𝑠𝑝,1+𝑆1� �1 − 𝑃−𝑃𝑖𝑝,1𝑃𝑚𝑝,1−𝑃𝑖𝑝,1� � 𝐾𝑖𝑝,1𝐾𝑖𝑝,1+𝑆1�     Eq. (13) 
𝑟𝑝,2 = 𝑞𝑝,𝑚𝑎𝑥,2 � 𝑆2𝐾𝑠𝑝,2+𝑆2� �1 − 𝑃−𝑃𝑖𝑝,2𝑃𝑚𝑝,2−𝑃𝑖𝑝,2� � 𝐾𝑖𝑝,2𝐾𝑖𝑝,2+𝑆2�     Eq. (14) 
 
Where, S1 and S2 are the glucose and xylose concentrations in g/L. X and P are the 
biomass and ethanol concentration in g/L. μmax is the maximum overall specific growth 
rate (L/h). qs,max is the overall maximum specific substrate utilization rate (g/g*h). 
qp,max is the overall maximum specific ethanol production rate (g/g*h). α is the weighting 
factor for glucose consumption. Pm is the maximum ethanol concentration (g/L).  Pi is the 
threshold ethanol concentration (g/L). Ks is the substrate limitation constant (g/L) and Ki is 
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the substrate inhibition constant (g/L). The kinetic parameters of this model are shown in 
Table 5-3. 
Table 5-3: Kinetic parameters for the mathematical model of glucose/xylose 
fermentation for α = 0.65. 
Parameter Value Parameter Value 
𝜇𝑚𝑎𝑥,1 0.31 𝑃𝑚𝑠,2 81.2 
𝜇𝑚𝑎𝑥,2 0.1 𝐾𝑖𝑠,1 18.6 
𝐾𝑠𝑥,1 1.45 𝐾𝑖𝑠,2 600 
𝐾𝑠𝑥,2 4.91 𝑃𝑖𝑠,1 42.6 
𝑃𝑚𝑥,1 57.2 𝑃𝑖𝑠,2 53.1 
𝑃𝑚𝑥,2 56.3 𝑞𝑝,𝑚𝑎𝑥,1 51.2 
𝐾𝑖𝑥,1 200 𝑞𝑝,𝑚𝑎𝑥,2 1.59 
𝐾𝑖𝑥,2 600 𝐾𝑠𝑝,1 6.32 
𝑃𝑖𝑥,1 28.9 𝐾𝑠𝑝,2 0.03 
𝑃𝑖𝑥,2 26.6 𝑃𝑚𝑝,1 75.4 
𝑞𝑠,𝑚𝑎𝑥,1 10.9 𝑃𝑚𝑝,2 81.2 
𝑞𝑠,𝑚𝑎𝑥,2 3.27 𝐾𝑖𝑝,1 186 
𝐾𝑠𝑠,1 6.32 𝐾𝑖𝑝,2 600 
𝐾𝑠𝑠,2 0.03 𝑃𝑖𝑝,1 42.6 
𝑃𝑚𝑠,1 75.4 𝑃𝑖𝑝,2 53.1 
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5.3 Methodological approach 
 
The evaluation of the fuel ethanol from lignocellulosics took into account both energetic 
and economic aspects. In the present work, the calculation of the production cost was 
performed to assess the profitability of fuel ethanol production utilizing each raw material 
and pretreatment technologies. For this, mass and energy balances calculated via 
simulation are the starting point to determine capital and operating costs of both 
processes and consequently, their economic performance.  
 
5.3.1 Simulations procedure 
 
The simulation of the technological configurations (ethanol production from CCS and SCB 
using dilute acid and liquid hot water pretreatments) was carried out using Aspen plus 
(Aspen Technology Inc., USA). Main input data utilized for process simulation are shown 
in Annex II. The simulation was started considered a plant capacity of about 100,000 
L/day of anhydrous ethanol and the required raw material was calculated using reported 
yields. Part of the physical-property data of the components required for simulations were 
obtained from Wooley and Putsche [222]. The non-random two liquid (NRTL) 
thermodynamic model was utilized to calculate the activity coefficients in the liquid phase 
and the Hayden–O’Conell equation of state was used to model the vapor phase. 
 
For defining the preliminary specifications of distillation columns, the DSTWU short-cut 
method included in Aspen Plus was employed. This procedure employs the Winn–
Underwood–Gilliland method that provides an initial estimate of the minimum number of 
theoretical stages, the minimum reflux ratio, the localization of the feed stage, and the 
products split of the column. With this information and the results of the analysis of the 
statics, the rigorous calculation of the distillation columns was performed using the 
RadFrac module of Aspen Plus, which is based on mass, equilibrium, summation, and 
heat (MESH) equations and uses the inside-out calculation algorithm. Sensitivity analyses 
Chapter 5 97 
 
were carried out in order to study the effect of the main operation variables (e.g., reflux 
ratio, feed temperature, number of stages, etc.) on the composition of products and 
energy costs. The estimation of energy consumption was conducted based on the 
simulation data of thermal energy required by the heat exchangers, reboilers and related 
units. Dilute acid and liquid hot water pretreatments were simulated using batch reactor 
with kinetic expressions (see Kinetic Models section). Detoxification and sugars 
fermentation were simulated including user subroutines by an excel-matlab interface for 
solving the mathematical model (see Kinetic Models section). The enzymatic hydrolysis 
was simulated based on a stoichiometric approach that considered the conversion of 
cellulose into glucose without kinetic models. 
 
A circulating fluidized bed combustor/turbogenerator (CFBC/TG) system was analyzed as 
the cogeneration technology. This system has been contemplated in the model process 
designed by the National Renewable Energy Laboratory (NREL) for cogeneration using 
the lignin released during the conversion of lignocellulosic biomass into ethanol [151]. 
CFBC/TG technology offers an increased efficiency in the generation of steam and power 
related to conventional cogeneration units working with low-pressure boilers, which 
usually generate steam at 280–300 °C and 20–21.7 atm [223]. Mass balance data of 
CFBC/TG systems reported in Wooley et al., [151] were utilized for conceptual design and 
simulation of the cogeneration unit using cane bagasse. This unit was simulated through 
several process modules of Aspen Plus. The burner was described through a 
stoichiometric reactor considering the incomplete combustion of bagasse organic 
components (e.g., lignin, cellulose, hemicellulose, etc.), taking into account the formation 
not only of CO2, but also of CO. In the same way, reactions for NOx formation were 
included. The boiler was studied as a heat exchanger where the feed water enters at 121 
°C and 97.5 atm and the generated steam exits at 510 °C and 84.9 atm. A pump 
elevating the pressure of the feed water up to 97.5 atm was included in this analysis. The 
simulation of the cogeneration unit also took into account that the combustion gases 
leaving the boiler can be utilized not only for preheating the air required to burn the 
bagasse, but also for drying the wet bagasse generated in the mills. As exposed by 
Maranhao [224], a previous drying enables the reduction of material moisture, improving 
the combustion and increasing the amount of generated steam. The analysis of the 
cogeneration system also included a cyclone for separating most particulate matter from 
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the flue gases leaving the bagasse dryer. On the other hand, the electricity production 
using a turbogenerator was simulated through the compressor module of Aspen Plus 
considering a negative change of pressure and selecting the isentropic type of 
compressor. Thus, it is possible to simulate the power generation and calculate the 
properties of the exhausted steam. In this paper, a multistage turbine was taken into 
consideration for producing three types of steam: high-pressure steam (used for 
preheating the water feeding the boiler), low-pressure steam (used for the energy supply 
of most of the process units like heaters, sterilizers and column reboilers), and very low-
pressure steam (employed for stillage evaporation). 
 
The economic analysis was performed by using the Aspen Icarus Process Evaluator 
(Aspen Technology, Inc., USA) package. This analysis was estimated in US dollars for a 
10-year period at an annual interest rate of 16.02% (typical for the Colombian economy), 
considering the straight line depreciation method and a 33% income tax. Prices and 
economic data used in this analysis correspond to Colombian conditions and were 
calculated at an exchange rate of 1,950 Colombian pesos per US dollar. CCS price of 
US$45/ton was estimated according to the purchasing price of each coffee stick 
established by a local company, which uses the coffee wood for furniture manufacturing. 
SCB price was obtained from [225]. Operator and supervisor labor costs were US$2.14/h 
and US$4.29/h, respectively. Electricity, potable water and low steam pressure costs 
were US$0.03044/kWh, US$1.252/m3 and US$8.18/ton. The above-mentioned software 
estimates the capital costs of process units as well as the operating costs, among other 
valuable data, utilizing the design information provided by Aspen Plus and data 
introduced by the user for specific conditions as for example project location. 
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5.4 Results 
 
5.4.1  Sugarcane Bagasse and Coffee Cut-Stems 
 
Some simulations results of main streams for ethanol production from CCS and SCB are 
shown in Table 5-4 and Table 5-5, respectively. Higher cellulose and hemicelluloses 
content in CCS have allowed obtaining a higher sugars yield and consequently a higher 
ethanol yield than in the case of SCB. Lower ethanol yield (183 L/ton) was obtained when 
SCB and dilute acid were evaluated in ethanol production, while the highest ethanol yield 
(240 L/ton) was obtained with CCS and LHW as pretreatment. However, there existed a 
very small difference (0.52%) between the ethanol yield obtained for CCS with dilute acid 
and CCS with LHW. With the obtained yield from simulation the final plant capacity was 
small than that expected according to the reported value (236 L/ton) for ethanol from SCB 
[188]. Plant capacity for SCB-ethanol was around 44 million liters per day, while for CCS-
ethanol was near 63 million liters per day. 
 
Complete hemicelluloses hydrolysis was only reached when LHW pretreatment was 
implemented, this occurs because of the high temperature involve in this technology, at 
this temperature hemicelluloses get complete converted into xylose. In the case of dilute 
acid hemicellulose conversion was of 96.17% and 99.36% for SCB and CCS, 
respectively. On the other hand, only a fraction of the cellulose is converted into glucose 
at the pretreatment stage, the maximum cellulose conversion (19.22%) was obtained for 
CCS with dilute acid. Last case showed also the highest sugar yield (21.6%) as a result of 
the high cellulose and hemicellulose conversion. Higher furfural concentration (0.023 g/L) 
was obtained when LHW was used as pretreatment, due the high temperature on reaction 
and the presence of a very low concentration of acids from the autocatalytic process. SCB 
pretreated with dilute acid produced the lowest furfural concentration (0.0059 g/L). 
Although, the furfural concentration was low compared to experimental values (0.7 g/L) 
reported by Laser et al. [38] for SCB pretreated with LHW the detoxification step was 
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accomplished for furfural withdrawal. Detoxification extent for four evaluated cases was 
around 98%.  
 
An important parameter involved in ethanol production from lignocellulosics is the energy 
consumption; this has been always one of the main disadvantages of this type of process.  
shows the energy consumption of the evaluated cases and Figure 5-3 shows the energy 
consumption by process stages.For both evaluated raw materials it was found that the 
LHW pretreatment requires higher energy than dilute acid for producing the same amount 
of ethanol. It is clear from Figure 5-4 that pretreatment and xylose concentration require 
most of the total energy of ethanol production and separation does not have a relevant 
influence on energy consumption.  LHW represented for both raw materials the most 
energy consuming technology. Higher ethanol yield of the CCS represented lower energy 
consumption per liter of produced ethanol. 
  
 
Table 5-4: Total flow rates and compositions of some streams of ethanol production from CCS 
 
Compounds Raw Material Dilute Acid Pretreatment Liquid Hot Water Pretreatment 
 CCS 
(wt%) 
Hydrolyzed 
(wt%) 
Saccharified 
cellulose 
(wt%) 
Substrate 
(wt%) 
Product 
(wt%) 
Hydrolyzed 
(wt%) 
Saccharified 
cellulose 
(wt%) 
Substrate 
(wt%) 
Product 
(wt%) 
Water 4.00 90.96 76.50 91.20 0.40 91.09 77.61 90.30 0.40 
Cellulose 31.06 2.28 1.61 - - 2.60 1.66 - - 
Hemicellulose 13.28 0.01 0.03 - - - - - - 
Lignin 44.73 4.07 14.35 - - 4.07 13.00 - - 
Glucose - 0.60 7.17 5.38 - 0.24 7.41 5.96 - 
Xylose - 1.36 0.04 2.44 - 1.37 0.04 2.74 - 
Protein 4.43 0.40 0.01 0.81 - 0.40 0.01 0.90 - 
Ash 0.88 0.08 0.28 - - 0.08 0.26 - - 
Furfural - - - 0.02 - - - - - 
Ethanol - - - - 99.60 - - - 99.6 
Sulfuric acid - 0.09 - 0.02 - - - 0.02 - 
Extractives 1.62 0.15 0.01 0.13 - 0.15 0.01 0.08 - 
          
Total flow (kg/h) 10,921.00 120,131.00 34,033.57 53,578.51 2,056.52 120,131.30 37,571.73 48,121.85 2,067.27 
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Table 5-5: Total flow rates and compositions of some streams of ethanol production from SCB 
 
Compounds Raw Material Dilute Acid Pretreatment Liquid Hot Water Pretreatment 
 SCB 
(wt%) 
Hydrolyzed 
(wt%) 
Saccharified 
cellulose 
(wt%) 
Substrate 
(wt%) 
Product 
(wt%) 
Hydrolyzed 
(wt%) 
Saccharified 
cellulose 
(wt%) 
Substrate 
(wt%) 
Product 
(wt%) 
Water 50.00 95.19 74.35 93.26 0.40 95.26 75.12 92.00 0.40 
Cellulose 22.70 1.78 2.90 - - 1.70 2.79 - - 
Hemicellulose 12.05 0.04 0.34 - - - - - - 
Lignin 11.70 1.06 8.64 - - 1.06 8.74 - - 
Glucose - 0.31 12.88 4.04 - 0.40 12.44 4.75 - 
Xylose - 1.20 0.03 2.21 - 1.25 0.04 2.70 - 
Protein 2.40 0.22 0.01 0.45 - 0.22 0.01 0.53 - 
Ash 1.15 0.10 0.85 - - 0.10 0.86 - - 
Furfural - 0.01 - 0.01 - 0.01 - 0.01 - 
Ethanol - - - - 99.60 - - - 99.60 
Sulfuric acid - 0.09 - 0.03 - - - 0.01 - 
          
Total flow (kg/h) 9,872.97 108,602.00 13,371.35 46,984.05 1,423.82 108,606.00 13,224.51 40,055.40 1469.62 
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Figure 5-3: Energy required per stage in ethanol production using Dilute Acid and LHW as pretreatment technologies 
 
 
  
 
5.4.1.1 Energy cogeneration system 
 
The simulation of the co-generation system allowed calculating the potential of the CCS 
and SCB in heat and electricity generation. Low water content and high lignin content of 
the CCS make of the waste the most promising raw material for energy cogeneration, this 
was evaluated on simulation and obtained results support this. When CCS was used in 
the cogeneration system almost 14 MJ were produce from each kilogram of CCS, while 
only 6 MJ were produced from the same quantity of SCB. The same occurred with the 
electricity; each kilogram of CCS produced 0.90 kWh of power, while SCB produce only 
0.37 kWh. CCS has a great potential in energy cogeneration, however the emissions from 
the cogeneration systems are very higher than that obtained with SCB (see Table 5-6).  
Table 5-6: Main atmospheric emissions from the cogeneration system 
Pollutant CCS  SCB 
kg/ton CCS kg/ton 
steam 
kg/ton 
SCB 
kg/ton steam 
CO2 1,972.4918 321.5317 906.7927 351.0907 
CO 19.1179 3.1164 8.7888 3.4029 
NOx 27.8572 4.5409 15.1050 5.8483 
 
 
5.4.1.2 Ethanol production cost 
 
Ethanol production cost using CCS and SCB for both evaluated pretreatment 
technologies is shown in Table 5-7. The highest production cost was obtained for SCB 
pretreated with dilute acid. Obtained costs are very higher that than reported by Luo et al. 
[226] (US$0.26/kg) using SCB for ethanol production and energy cogeneration from 
wastes. In the case of CCS no references of production cost are available. 
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High ethanol production cost in four cases is due the high utilities cost that represent 
36.86% and 44% of the total production cost in the lower and higher cases, respectively. 
High utilities cost is a consequence of the high energy consumption of the pretreatment 
and detoxification and xylose concentration steps. Because of the lower cost of the SCB 
capital depreciation is the second item that contributes in higher proportions in the 
production cost, while in the case of CCS the second contributing item was the raw 
material cost. 
Table 5-7: Fuel ethanol production cost from Coffee Cut-Stems and Sugarcane 
Bagasse 
 
Category CCS-DA a CCS-LHW b SCB-DA c SCB-LHW d 
US$/L Share of 
total cost 
(%) 
US$/L Share of 
total cost 
(%) 
US$/L Share of 
total cost 
(%) 
US$/L Share of 
total cost 
(%) 
Raw materials e 0.2204 28.51 0.2191 28.87 0.0986 12.74 0.0951 13.59 
Utilities f 0.3003 38.84 0.2797 36.86 0.3405 44.00 0.2870 41.03 
Labour  0.0074 0.96 0.0074 0.97 0.0107 1.38 0.0103 1.48 
Maintenance 0.0317 4.10 0.0302 3.98 0.0398 5.15 0.0382 5.46 
Operating charges 0.0018 0.24 0.0018 0.24 0.0027 0.30 0.0026 0.37 
Indirect plant 
expenses 0.0195 2.53 0.0188 2.47 0.0253 3.26 0.0243 3.47 
General and 
administrative 
costs 
0.0465 6.01 0.0446 5.87 0.0414 5.35 0.0366 5.23 
Capital 
depreciationg 0.1454 18.81 0.1574 20.74 0.2150 27.78 0.2054 29.37 
Total 0.7731 100 0.7590 100 0.7738 100 0.6994 100 
a CCS-DA: Coffee cut-stems pretreated with dilute acid. 
b CCS-LHW: Coffee cut-stems pretreated with liquid hot water. 
c  SCB-DA: Sugarcane bagasse pretreated with dilute acid. 
d SCB-LHW: Sugarcane bagasse pretreated with liquid hot water. 
e Used prices were US$0.045/kg of CCS and US$0.01/kg of SCB. 
f Used low pressure steam price was US$8.18/ton. 
g Calculated using the straight line method. 
 
As was suggested by Luo et al. [226] and Cardona et al. [227] energy cogeneration is 
required for energy supply of this type of process. In this sense, energy cogeneration is 
necessary for obtaining a lower production cost. When cogeneration was included the 
production cost reduction was more relevant in those cases with higher energy 
consumption (See Table 5-8). Cost reduction of 38.01% was obtained for CCS using 
liquid hot water pretreatment while the higher reduction (45.54%) was obtained for 
sugarcane bagasse using dilute acid pretreatment. 
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Table 5-8: Fuel ethanol production cost from Coffee Cut-Stems and Sugarcane 
Bagasse including energy cogeneration. 
Pretreatment 
technology 
CCS SCB 
US$/L US$/L 
Dilute Acid 0.4631 0.4214 
Liquid hot water 0.4705 0.4033 
Used prices were US$0.045/kg of CCS and US$0.01/kg of SCB. 
 
The lower production cost was for SCB pretreated with liquid hot water. Although, the 
production cost was decreased by including energy cogeneration this is still high for 
implementing it in a commercial scale under the evaluated conditions. A competitive cost 
of fuel ethanol production was obtained when only the transport cost was considered for 
the raw material price (see Table 5-9) 
 
The highest cost reduction (39.08%) and lowest production cost (0.2821) were obtained 
when CCS and dilute acid pretreatment were used for ethanol production. These results 
suggest that, at the current context of Colombia, and ethanol production project from 
lignocellulosics must include a cogeneration system for heat supply, electricity sales and 
very low cost raw materials.  
 
Table 5-9: Fuel ethanol production cost from Coffee Cut-Stems and Sugarcane 
Bagasse including energy cogeneration and considering only the raw material transport 
cost. 
Pretreatment 
technology 
CCS SCB 
US$/L US$/L 
Dilute Acid 0.2821 0.3918 
Liquid hot water 0.2904 0.3747 
Used prices were US$0.005/kg of CCS and US$0.005/kg of SCB. 
 
 
Chapter 5 107 
 
5.4.2  Rice Husk 
 
Some simulations results of main streams for ethanol production from rice hulls are 
shown in Table 5-10. Both pretreatments achieved a complete hemicellulose conversion. 
But only with DA a significant cellulose conversion (31.20%) was accomplished. Due the 
cellulose conversion at pretreatment stage DA showed higher sugars yield (40.61%) than 
LHW (30.87%). Sugars concentration in the substrate stream influenced the ethanol yield. 
In this way when total sugars where concentrated up to 112 g/L ethanol yield was 347.25 
and 338.85 L/ton for DA and LHW, respectively. On the other hand, when the 
concentration unit was not included (total sugar concentration equal to 37 g/L) lower 
ethanol yields were obtained, 319.26 and 286.33 L/ton, for DA and LHW, respectively. 
Obtained yields from simulation were higher than that reported (236 L/ton) for ethanol 
from sugarcane bagasse.44 Plant capacity for ethanol production from rice hulls was 
around 80,000 liters per day when sugar concentration was included, and 70,000 L/day 
with no concentration. 
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Table 5-10: Total flow rates and compositions of some streams of base cases for ethanol production from rice hulls 
Compounds Raw material Dilute Acid Pretreatment Liquid Hot Water Pretreatment 
 Rice hulls 
(wt%) 
Xylose-
rich 
hydrolyzate 
(wt%) 
Glucose-
rich 
hydrolyzate 
(wt%) 
Substrate 
(wt%) 
Broth 
(wt%) 
Product 
(wt%) 
Xylose-rich 
hydrolyzate 
(wt%) 
Glucose-
rich 
hydrolyzate 
(wt%) 
Substrate 
(wt%) 
Broth 
(wt%) 
Product 
(wt%) 
Water 10.20 95.18 92.47 87.93 93.11 0.40 95.79 91.50 87.92 92.94 0.40 
Cellulose 29.01 - - - - - - - - - - 
Hemicellulose 26.94 - - - - - - - - - - 
Lignin 15.00 - - - - - - - - - - 
Glucose - 1.12 5.56 5.08 - - 0.03 6.33 4.63 - - 
Xylose - 3.40 0.06 5.95 - - 4.05 0.07 6.06 - - 
Protein - - - - - - - - - - - 
Ash 16.61 - - - - - - - - - - 
Extractives 2.25 0.18 - 0.18 0.18 - 0.13 - 0.10 - - 
Furfural - 0.01 - - - - Traces - - 0.10 - 
HMF - - 1.43 0.80 0.81 - - 1.63 1.18 1.19 - 
Ethanol - - - - 5.57 99.60 - - - 5.40 99.60 
Sulfuric acid - 0.11 0.48 0.02 0.02 - - 0.47 0.07 0.07 - 
Calcium 
hydroxide 
- 
- - 0.04 0.04 - - - 0.04 0.04 - 
Z. mobilis     0.27     0.27  
            
Total flow (kg/h) 10,000.00 82,287.65 28,967.74 51,327.46 50,868.20 2,739.84 75,093.72 36,663.31 50,528.91 50,188.91 2,673.51 
 
 
  
 
Higher furfural concentration (0.0044 g/L) was obtained when DA was used as 
pretreatment, due the higher acids concentration. Sugars concentration helped to furfural 
and HMF reduction, because some amounts of these compounds are volatilized during 
this operation. When sugars concentration was not included the higher furfural 
concentration was of 0.0161 g/L for DA. Although, the furfural concentration was low 
compared to experimental values (0.7 g/L) reported by Laser et al. [38] for SCB pretreated 
with LHW the detoxification step was accomplished for furfural withdrawal. Detoxification 
extent for four evaluated cases was around 98%.  
 
An important parameter involved in ethanol production from lignocellulosics is the energy 
consumption; this has been always one of the main disadvantages of this type of process. 
Table 5-11 shows the energy consumption of the evaluated cases and Figure 5-4 shows 
the energy consumption by process stages. Highest energy consumptions where 
obtained when sugars concentrations was included. When pretreatment technologies 
where compared, LHW exhibited higher energy consumption than DA. 
For both evaluated pretreatment technologies it was found that pretreatment and sugars 
concentration require most of the total energy of ethanol production and separation is 
relevant only when sugars concentration was not considered. 
 
Table 5-11: Energy consumption of ethanol production process from rice hulls 
Pretreatment 
Net Energy Consumption (MJ/L) 
Without energy 
cogeneration 
With energy 
cogeneration 
DA – SCa 86.75 58.65 
DAb 46.29 15.72 
LHW – SCc 96.75 67.95 
LHWd 62.24 28.16 
a Dilute acid pretreatment with sugar concentration. 
b Dilute acid pretreatment without sugar concentration 
c Liquid hot water pretreatment with sugar concentration 
d Liquid hot water pretreatment without sugar concentration 
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Figure 5-4: Energy requirements per stage in fuel ethanol production from rice hulls. 
DA-SC: Dilute acid pretreatment with sugar concentration. DA: Dilute acid pretreatment 
without sugar concentration. LHW-SC: Liquid hot water pretreatment with sugar 
concentration. LHW: Liquid hot water pretreatment without sugar concentration. 
 
5.4.2.1 Economic Evaluations 
 
Ethanol production cost using rice hulls for both evaluated pretreatment technologies is 
shown in Table 5-12. The highest production cost was obtained for DA with sugars 
concentration. Obtained costs are higher that than reported by Luo et al. [226] 
(US$0.2051/L) using sugarcane bagasse for ethanol production and energy cogeneration 
from wastes.  
 
High ethanol production cost in the cases where sugars were concentrated is due to the 
high utilities cost that represent more than 56% of the total production cost. High utilities 
cost is a consequence of the high energy consumption of the pretreatment and sugars 
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concentration steps (see Figure 5-4). When sugars concentration was not included capital 
depreciation was the most contributing item.  
 
Table 5-12: Fuel ethanol production cost from rice husk 
Category DA-SC a DA b LHW-SC c LHW d  
US$/L Share of 
total 
cost (%) 
US$/L Share of 
total 
cost (%) 
US$/L Share of 
total 
cost (%) 
US$/L Share of 
total 
cost (%) 
Raw materials e 0.0382 8.65 0.0416 12.72 0.0398 9.12 0.0490 14.07 
Utilities f 0.2548 57.67 0.0823 25.17 0.2482 56.85 0.0795 22.82 
Labour  0.0049 1.12 0.0047 1.44 0.0051 1.16 0.0052 1.50 
Maintenance 0.0196 4.44 0.0385 11.79 0.0192 4.40 0.0414 11.87 
Operating charges 0.0012 0.28 0.0012 0.36 0.0013 0.29 0.0013 0.38 
Indirect plant 
expenses 0.0123 2.78 0.0216 6.61 0.0121 2.78 0.0233 6.69 
General and 
administrative 
costs 
0.0265 5.99 0.0152 4.65 0.0261 5.97 0.0160 4.59 
Capital 
depreciationg 0.0843 19.07 0.1218 37.26 0.0849 19.44 0.1328 38.09 
Total 0.4418 100 0.3269 100 0.4367 100 0.3486 100 
a Dilute acid pretreatment with sugars concentration. 
b Dilute acid pretreatment without sugars concentration 
c Liquid hot water pretreatment with sugars concentration 
d Liquid hot water pretreatment without sugars concentration 
e Price of rice hull US$0.005/kg. 
f Price of low pressure steam US$8.18/t. 
g Calculated using the straight line method. It does not include energy co-generation system. 
 
When cogeneration was included the production cost reduction was more relevant in 
those cases with higher energy consumption. Highest reduction cost (52%) was obtained 
for DA. 
 
Including energy cogeneration into the analysis allowed determining the better conditions 
for ethanol production. Sugar concentration was not a feasible operation reflecting a high 
production cost, but including energy cogeneration the panorama changed and the lower 
ethanol productions cost were obtained for that process including sugars concentration 
(See Table 5-13). 
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Table 5-13: Fuel ethanol production cost from rice hulls including energy cogeneration 
and electricity sales. 
 Co-generation Co-generation and electricity sales 
Pretreatment technology Dilute Acid Liquid Hot Water Dilute Acid Liquid Hot Water 
US$/L US$/L US$/L US$/L 
With sugars concentration 0.2321 0.2344 0.1918 0.1931 
Without sugars 
concentration 0.3041 0.3287 0.2602 0.2797 
 
 
5.4.3  Empty Fruit Bunches 
 
Some simulation results of main streams for ethanol production from EFB fibers are 
shown in Table 5-14. Yield obtained by simulation was 66 L/ton, due xylose fermentation 
was not taken into account. 
 
Stillage has small quantities of a variety of substance that make necessary to treat this 
effluent before been released into the environment. Treatment of this effluent is energy 
expensive and uses around 16% of the total energy consumption of the process (see 
Figure 5-4). On the other hand, separation and purification step requires most of the 
process energy (57%) while pretreatment requires the lower quantity of energy. This 
implies that the used technologies en pretreatment a very potential for its use in 
commercial plants of fuel ethanol production from EFB. Total energy consumption was 
198.4 MJ per liter of ethanol.  
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Table 5-14: Total flow rates and compositions of main streams of ethanol production 
from EFB 
Compounds 
Streams Composition (wt%) 
EFB fiber 
Non-
hydrolyze
d fiber 
Stillage Product 
Water 65.00 1.00 99.60 0.03 
Cellulose 13.75 34.40 - - 
Hemicellulose 12.79 28.70 - - 
Lignin 7.79 29.10 - - 
Ash 0.67 6.30 - - 
Xylose - 0.01   
Glucose - 0.01   
Ethanol - - 0.01 0.97 
Carbon dioxide - - 0.30 - 
Acetic acid - - Traces - 
Furfural - Traces Traces - 
Sulfuric acid - - Traces - 
Others - 0.48 0.09 - 
     
Total flow rate 
(kg/h) 46,237.94 3,667.96 
430,023.9
3 
2,410.9
3 
 
Energy requirement for pretreatment is a strong criterion in the evaluation of ethanol 
production process from lignocellulosic biomass because it represents the main section of 
energy demand. The simulation presented in this work showed that DA and LHW are 
efficient process, but if energy co-generation is not implemented, these pretreatment 
methods are not applicable for industry given the large amount of energy required. 
 
The configuration of ethanol production process presented in this work applies only for Z. 
mobilis ZM4 (pZB5). Any strain different to the strain employed in this work suggests a 
reorganization of the scheme and the conditions of the fermentation. The use of a 
different fermentative microorganism shall require a new model and maybe simultaneous 
assimilation of hexoses and pentoses will not be possible. The effect of changing the 
microorganism on results depends on the capability of growing on glucose or xylose as 
single carbon source, in this sense, if just one sugar is assimilated an additional 
microorganism and a fermenter unit will be required for complete sugars utilization. 
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Ethanol production cost from rice hulls highly depends on energy consumption. At current 
context and market prices a project for ethanol production from these wastes is not 
feasible in Colombia, however if a cogeneration system is included energy requirements 
will be supplied and production cost can decrease significantly. Moreover, when electricity 
sales were considered as co-product, ethanol production cost became competitive 
compared to that obtained for conventional raw materials. These results strongly depend 
on composition of the lignocellulosic material used, for example rice hulls contain more 
lignin than sugarcane bagasse, implying that more energy will be obtained from the 
former in a combustion process. 
 
Simulation software like Aspen Plus have demonstrated to be robust tool able to model 
and evaluate complex processes like that involved in ethanol production obtaining good 
results comparable with that obtained experimentally at bench and pilot scales. However, 
user custom models and subroutines should be added for a correct and near-reality 
simulation of the non-available operation units. 
 
  
 
6. 5BExperimental Evaluation of Lignocellulosic 
Wastes 
 
6.1 Empty Fruit Bunches 
 
6.1.1 Raw material conditioning 
 
EFB were washed with the aim of removing organic matter (fruits, shells and spines) and 
remaining oil. Only around 45% of the initial mass weight corresponded to EFB fibers with 
length of 10-13 cm. The moisture fiber (70%) was withdrawn by drying. After EFB milling 
the average fiber size was 2 cm. 
 
6.1.2 Effect of autoclaving on reducing sugars 
concentration during enzymatic hydrolysis 
 
Pretreatment technology highly influenced the efficiency of enzymatic hydrolysis as 
shown in Figure 6-1. EFB fibers, that were pretreated with alkali and furthermore 
autoclaved, released a higher content of reducing sugars (10.53 g dm-3) than those that 
were not autoclaved (6.44 g dm-3). Using an additional autoclaving after alkaline 
pretreatment increased in 63.5% the reducing sugars content. This is a result of the 
additional mechanical effect on the lignocellulosic matrix promoted by the severe 
pretreatment at high temperature and pressure. The combined effect of chemical and 
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physical pretreatment makes the lignocelllulosic complex more accessible to the enzymes 
and therefore a higher reducing sugar concentration was obtained.  
 
6.1.3 Effect of enzymatic hydrolysis medium on reducing 
sugars concentration 
 
Effect of hydrolysis medium was followed by using sodium acetate buffer (0.05 mol dm-3) 
and the remaining liquid from the alkaline pretreatment whose pH was adjusted to 4 with 
acetic acid. Figure 6-2 shows the reducing sugar concentration under both hydrolysis 
media. Buffer medium allowed obtaining a higher reducing sugar concentration (18.12 g 
dm-3) than when the alkaline solution from pretreatment was used (10.53 g dm-3). This 
result suggests that the alkaline pretreatment could release some substance that can 
inhibit the subsequent enzymatic hydrolysis. 
Figure 6-1: Effect of autoclaving on reducing sugars concentration. (pH: 4; Temp.: 
50°C; enzyme solution/EFB ratio: 1.5/1; hydrolysis medium: soaking solution).  (■) 
Autoclaved EFB fibers, (♦) Non-autoclaved EFB fibers 
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Figure 6-2:  Effect of hydrolysate medium on reducing sugars concentration. (pH: 4; 
Temp.: 50°C; enzyme solution/EFB ratio: 1.5/1) . (■) Sodium acetate Buffer (50 mol m-3), 
(♦) Pretreatment solution (2% (v/v) NaOH) 
 
 
 
6.1.4 Effect of enzyme to substrate ratio on reducing 
sugars concentration 
 
Figure 6-3 shows the effect of enzyme dosage on reducing sugars concentration. An 
increase of 27.7% in reducing sugars concentration was obtained when 2 cm3 were used 
rather than 1.5 cm3. For a dosage ratio of 2:1 the reducing sugar concentration was 23.16 
g dm-3 while for a ratio of 1.5:1 it was 18.12 g dm-3. However, a higher increase in enzyme 
quantity (4:1) did not have a significant effect on reducing sugars concentration. 
 
Results showed that optimum conditions for EFB hydrolysis were obtained with sodium 
acetate buffer as hydrolysis medium and an enzyme dosage of 2:1 (enzyme solution to 
EFB). Moreover, autoclaving after alkaline pretreatment allows obtaining high EFB fibers 
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conversion into reducing sugars. Table 6-1 shows evaluated conditions with their 
hydrolysis conversion, yields and productivity. 
 
Figure 6-3: Effect of enzyme solution to EFB ratio on reducing sugars concentration. 
(pH: 4; Temp.: 50°C; hydrolysis medium: sodium acetate buffer). (♦) R1 = 1:1, (▲) R2 = 
1.5:1, (■) R3 = 2:1, (●) R4 = 4:1 
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Table 6-1: Enzymatic hydrolysis results at pH 4, 50°C and different enzyme dosages 
Conditions 
Enzyme 
dosage 
(enzyme/substr
ate) 
Hydrolysi
s (%) 
Yield (%)                                                      
(reducing sugars 
mass / substrate 
mass * 100) 
Productivity (%)                                                  
(reducing sugars 
mass / substrate 
mass * hour * 100) 
Non autoclaved 
fiber. 
Alkaline soaking 
solution as 
hydrolysis medium. 
1.5:1 18.60 15.9 0.1326 
Autoclaved fiber. 
Alkaline soaking 
solution as 
hydrolysis medium. 
1.5:1 30.42 26.0 0.2169 
Autoclaved fiber. 
Buffer as 
hydrolysis medium. 
1:1 29.43 25.2 0.2099 
1.5:1 52.35 44.8 0.3732 
2:1 66.90 57.2 0.4770 
4:1 69.69 59.6 0.4968 
 
6.1.5 Effect of hydrolysate detoxification on reducing 
sugars concentration 
 
Detoxification was accomplished in two steps. First one involved the solids separation by 
vacuum filtration. The liquid to solid ration obtained from this step was 26.7:1 (cm3 
hydrolisate/g removed solid). Second step was carried on with calcium hydroxide and 
sodium sulfite as was described in Chapter 3. Detoxification does not caused significant 
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volume changes in hydrolysis medium. Sugar concentration after detoxification was 22%, 
a loss of 8% in sugars concentration was obtained compared to the non-detoxified 
hidrolisate. These results are in agreement with that reported by [19] for this detoxification 
method. 
 
6.1.6 Hydrolysate fermentation 
 
Detoxified hydrolysate was fermented by a native S. cerevisiae strain. Substrate 
concentration decrease 44% during 21 hours (see Figure 6-4) but no significant reduction 
in reducing sugars concentration was detected later, suggesting that remaining reducing 
sugars content are pentoses obtained during EFB autoclaving. Native S. cerevisiae 
strains are not capable of consuming pentoses and therefore these are accumulated in 
the final fermentation broth. Maximum ethanol concentration obtained during fermentation 
was 4 g dm-3. After ethanol recovery by conventional distillation the calculated ethanol 
yield was 66.5 dm3 of ethanol per t of EFB and a stillage to ethanol ratio of 57:1. These 
results highly diverge from that reported for other lignocellulosic materials like corn straw 
(222.7 dm3 t-1), rice straw (246.4 dm3 t-1), barley straw (251.1 dm3 t-1), sorghum straw 
(237.6 dm3 t-1) and wheat straw (261.3 dm3 t-1) [26]. Low ethanol yield is a consequence of 
the low sugars fermentation efficiency and suggest that for increasing carbon uptake it is 
necessary to use the pentoses obtained during pretreatment. In case of using pentoses 
the theoretical yield could be 176.2 dm3 t-1. 
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Table 6-2: Substrate concentration profile during fermentation 
 
 
6.2 Rice Husk 
 
6.2.1 Pretreatment 
 
Pretreatment is surely a key element regarding positive technical and economical 
implications to be previously included when enzymatic hydrolysis has been selected in 
order to alter the lignocellulosic structure.   
 
Figure 6-5 shows the reducing sugar composition at three sulfuric acid concentration 
during time of pretreatment (0.5%, 1% and 2.5 % (v/v)). Reducing sugar releasing 
showed up a direct dependence on the acid concentration over the time of contact 
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studied. Thus, the greater acid concentration and longer contact time the more reducing 
sugar releasing observed. 
 
Figure 6-4: Reducing sugar production with sulfuric acid ( ) 0,5%; ( ) 1%   y ( ) 
2,5%  over 6 hours of contact time.  
 
 
6.2.2 Saccharification 
 
The reducing sugars releasing (sugar concentration) in both hydrolysis types studied 
(enzymatic and dilute-acid) was compared with respect to the hydrolysis time. 
 
As can be seen in Figure 6-6, the time trend in the reducing sugar concentration is quite 
similar in both kind of hydrolysis. However, greater reducing sugar concentrations were 
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observed for enzymatic hydrolysis in every moment during both hydrolysis. Also, 
according to the Figure 6-6, enzymatic hydrolysis from rice husk previously pretreated 
with dilute acid (1%) at 50°C and 36 h showed up the high reducing sugar concentration 
(25.6 ± 0.6 g/lt). 
 
When hydrolysis is carried out using dilute acid the requirements of higher temperatures 
and longer time of contact bring serious implications on sugar integrity due to the 
prolonged time of exposure to sugar degradation conditions and further degradation 
byproduct formation.  
 
Figure 6-5:  Reducing sugar production over time of saccharification. ( )  Dilute acid 
hydrolysis and  ( ) Enzymatic hydrolysis at 50 °C  
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6.2.3 Fermentation 
 
The use of thermotolerant strain can reduce considerably the commonly overheating in 
fermentation because of its exergonic nature.  
Figure 6-7 shows ethanol yield. The highest ethanol concentration was obtained after 72 
h of pretreatment (0.29 ± 0.01 g/g sugar).  
 
Figure 6-6:  Ethanol yield 
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6.3 Coffee Cut-Stems 
 
6.3.1 Pretreatment  
 
Three pretreatment methods were evaluated: dilute acid (DA), alkaline and liquid hot 
water (LHW) pretreatments. Results (see Table 6-3) showed that DA was the most 
efficient pretreatment reaching the highest reducing sugars concentration. 
 
Table 6-3: Reducing sugar concentration for evaluated pretreatments 
Compounds Reducing sugar concentration (g/L) 
Dilute acid (2%) 33.41 ± 0.69 
Liquid hot water 4.95 ± 0.50 
Alkaline (2%) 1.54 ± 0.17 
 
 
In the stage of enzymatic saccharification, the enzyme Celluclast 1,5 L was used and the 
results obtained for glucose production were very satisfying. Finally, the stage which 
conjugates all the previous stages, the fermentation, was carried on using three different 
strains: Candida lusitaniae ATCC 34449, Pichia stipitis NRRL Y-7124 and Zymomonas 
mobilis NRRL B-806. The ethanol production yields were evaluated for each 
microorganism and the best results were obtained with Zymomonas mobilis NRRL B-806 
with a percentage of the theoretical yield of 79%. Candida lusitaniae ATCC 34449 also 
showed good results with a 65% of the theoretical yield and an adaptation time quite 
short. 
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Table 6-4: Reducing sugars concentration evolution during enzymatic saccharification 
Time (h) Reducing sugars concentration (g/L) 
0 2.45 
5 2.14 
24 4.79 
48 14.9 
72 16.3 
96 18.3 
120 17.4 
 
Figure 6-7:  Reducing sugars evolution during enzymatic hydrolysis 
 
 
6.3.2 Fermentation 
 
Both hydrolysate from pretreatment and from enzymatic saccharification were mixed and 
fermented in the same unit. Double substrate fermentation was accomplished by three 
different strains: Candida lusitaniae, Pichia stipitis, Zymomonas mobilis. 
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6.3.2.1 Candida lusitaniae ATCC 34449. 
 
This yeast is able to asimilate a wide range ogf substrates, including hexoses, pentoses 
and some disaccharides such as sucrose and celobiose. This fact makes of this 
microorganism a good option for fermenting lignocellulosic hydrolisates, mainly in the 
case of hydrolisates from enzymatic saccharification, which are rich in celobioso that was 
not completely converted to glucose [11,12]. 
 
Table 6-5: Fermentation of hydrolysate from CCS by Candida lusitaniae 
Time 
(h) 
Reducing sugars 
concentration (g/L) 
Ethanol (g/L) Biomass (g/L) 
0 19.6 0 1.50 
2 19.2 0 1.60 
4 20.0 0.58 1.70 
7 18.0 0.58 1.80 
9 14.8 1.17 1.70 
15 11.7 1.77 1.80 
17 10.9 2.36 2.10 
24 10.3 2.28 2.20 
26 9.10 3.12 2.10 
31 8.20 3.35 2.20 
38 8.51 3.00 2.20 
48 8.23 3.54 1.90 
78 7.96 3.78 1.80 
80 7.63 4.02 1.70 
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6.3.2.2 Pichia stipitis NRRL Y-7124 
 
This yeast has shown good results in the etahnol production from pentoses and hexoses 
rich substrates [13,14,15]. 
 
Table 6-6: Fermentation of hydrolysate from CCS by Pichia stipitis 
Time 
(h) 
Reducing sugars 
concentration (g/L) 
Ethanol (g/L) Biomass (g/L) 
0 19.60 0 0.30 
2 19.20 0 0.50 
4 18.90 0 0.20 
7 18.00 0 1.00 
9 18.60 0 1.80 
16 18.10 0 1.50 
18 17.60 0 1.90 
24 17.10 0.44 2.20 
26 16.90 0.37 2.40 
31 16.60 0.30 2.10 
38 17.90 0.34 1.90 
48 16.20 0.48 2.00 
78 8.10 2.69 2.40 
80 7.90 2.70 2.20 
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6.3.2.3 Zymomonas mobilis NRRL B-806. 
 
 
This bacteria is well know for its high etanol production and short fermentation time.  
 
Table 6-7: Fermentation of hydrolysate from CCS by Zymomonas mobilis 
Time 
(h) 
Reducing sugars 
concentration (g/L) 
Ethanol (g/L) Biomass (g/L) 
0 19.60 0 0.03 
2 18.60 0 0.02 
4 18.60 0.58 0.02 
7 17.80 0.92 0.02 
9 16.90 1.15 0.04 
16 15.70 1.27 0.05 
18 14.30 2.54 0.10 
24 13.10 3.11 0.12 
26 11.50 4.04 0.40 
31 10.60 3.92 0.45 
38 6.41 4.96 0.50 
48 6.41 5.77 0.60 
78 5.13 6.23 0.51 
80 5.01 5.93 0.42 
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Figure 6-8: Reducing sugars consumption under fermentation with different 
microorganisms. 
 
 
 
Figure 6-9: Ethanol production under fermentation with different microorganisms. 
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Table 6-8: Ethanol yield using different microorganisms 
Microorganism Ethanol yield (g ethanol/g substrate) 
% of the theoretical 
yield 
Candida lusitaniae 0.34 65.8 
Pichia stipitis 0.23 45.3 
Zymomonas mobilis 0.41 79.6 
 
 
  
 
6BConclusions and Challenges 
Fuel ethanol production still represents a challenge for researchers of the entire world. 
However, many research works have been developed for doing of bioethanol production a 
more feasible process from the economical and environmental points of view. Seeking 
non-food feedstock that can be converted in a simple way to fermenting sugars is one of 
the challenges that must be faced. However, most perspective feedstocks comprises 
lignocellulosic materials, hence a complex pretreatment for sugars release must be 
expected.  Pretreatment technologies and detoxification of co-lateral inhibitors obtained 
during pretreatment are other important challenge that must be faced. Several pretreatment 
and detoxification technologies have been proposed, but still they present drawbacks for 
ethanol production from lignocellulosics. Selection of pretreatment technology depends 
broadly on feedstock type.  In the case of detoxification, pretreatment agents and 
conditions influence the detoxification performance and its results. The most important 
challenge that must be faced is the development of microorganisms capable of fermenting 
a wide range of sugar (hexoses and pentoses) under the presence of by-products from 
pretreatment stages. Concentration and dehydration do not represents many problems, 
because mature technologies have been developed. However, more energy efficient 
dehydration technologies have been investigated for improving ethanol production cost. 
Finally, the last challenges are represented by the environmental performance of fuel 
ethanol production. This must be improved by effluent treatment technologies for 
eliminating the high biological charge of liquid streams. 
 
An increased use of biofuels would contribute to sustainable development by reducing 
greenhouse-gas emissions and the use of non-renewable resources. In recent years it has 
been suggested that, instead of traditional feedstocks, cellulosic biomass (cellulose and 
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hemicellulose), could be used as an ideally inexpensive and abundantly available source of 
sugar for fermentation into transportation fuel ethanol. The efficiency of biomass 
conversion to ethanol depends upon the ability of the microorganism used in the process to 
utilize these diverse carbon sources and amount of fraction present in biomass. The cost of 
ethanol production from lignocellulosics is relatively high based on current technologies. 
 
Pretreatment continues to be the most important step in ethanol production from 
lignocelulosics. It is expected, in the next future, that technologies can impact more easily 
this step rather than genetic modification to sugarcane strains (with the purpose of 
reducing lignin in the stalks). This is explained by the fact that the development and 
transfer of this type of sugarcane strains to the agriculture should take long time. 
Additionally, sugar factories linked to the sugarcane growing sector (usually owning most 
of the crops) can choice the status quo instead of investing in new projects. Promising 
pretreatment methods as organosolv and wet oxidation will be the most studied in the 
coming years. Cellulose hydrolysis developments are high dependent on the pretreatment 
method from the point of view of the obtained enzyme accessibility and inhibitors 
production. New developments are more related to the efficient in situ cellulases 
production from the lignocellulosic to be used in the hydrolysis step. 
 
Detoxification developments in the next years will be weak (appointing to integration in 
one step of different detoxification methods) in contrast to the genetic modifications of 
fermenting microorganisms that can tolerate desired concentrations of inhibitors. 
Integrated configurations as SSF and SSCF are the top efficient technologies to be 
analyzed and confirmed at pilot and industrial levels before its wide use in industry. 
Energy cogeneration as well as xylanases and cellulases production from lignocellulosics 
will stay as a real alternative for adding high value to this residue.  
 
According to the above mentioned perspectives first main challenge for successful use of 
lignocellulosuc as raw material in fuel ethanol production is to reduce hydrolysis costs to 
make them a cheaper substrate like molasses and other directly fermentable materials. 
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Second challenge is process optimization, including detoxification technologies and in situ 
cellulase enzyme production. Third challenge includes maintaining a stable performance 
of the genetically engineered microorganisms in commercial scale fermentation 
operations. The future trends for improving the pretreatment of lignocellulosic feedstocks 
also include the production of genetically modified plant materials with higher 
carbohydrate content or modified plant structure to facilitate pretreatment in milder 
conditions or using hemicellulases. Other challenges are not described in this paper, but 
the most important concern is how to propose bioethanol production from lignocellulosics 
as a real, economical and environmental alternative to burning or cogeneration in sugar 
mills. Although bioethanol production has been greatly improved by new technologies, 
there are still challenges that need further investigations and developing more efficient 
pretreatment technologies for the lignocellulosic biomass and integrating the optimal 
components into economic ethanol production systems. 
  
 
 
7BAnnex I 
Property Database of intermediate compounds produced in processing of bioethanol  
Properties  Dextrine Ethanol Fructose Glucose Glycerol Hemicellulose 
Standard Gravity  API  8,52 46,70 -0,76 -0,76 -19,31 -14,84 
Standard Free Energy of formation at 25°C (kcal/mol) -195,33 -40,09 -217,19 -217,19   -164,76 
Standard Enthalpy of formation at 25°C (kcal/mol) -244,10 -56,12 -304,17 -304,17 -138,03 -201,25 
Vaporization Enthalpy (kcal/mol) 13,36 9,30 26,22 26,22 15,70 17,33 
Standard Enthalpy of combustion at 298.2 K (kcal/mol) -597,59 -294,97 -606,07 -606,07 -352,78 -471,72 
dipolar Moment (debye) 2,29 1,69 2,75 2,75 2,68 2,64 
Molecular weight  162,14   180,16 180,16   132,12 
Piltzer acentric  factor   0,91 0,64 2,39 2,57   0,96 
Crítical Pressure (bar) 34,80 61,37 48,20 62,00   40,40 
Rackett molar volume 0,28 0,25 0,32 0,36   0,23 
Standard specific gravity at (60°F) 1,01 0,79 1,08 1,08 1,26 1,21 
Boiling point (°C) 215,85 78,29 343,85 343,85 287,85 322,39 
Critical Temperature (°C) 386,85 240,85 481,85 737,95   533,85 
Freezing  temperature (°C) 112,50 -114,10 146,00 146,00 18,18 96,90 
Liquid molar volume at TB (cc/mol) 35,02 35,02 204,63 204,63 86,85 133,79 
Critical Volume (cc/mol) 436,00 168,00 414,00 416,50   363,00 
Stabndad molar volumen at  60°F (cc/mol) 160,85 58,17 166,87 166,87 73,20 109,20 
Crictical compressibility   factor  0,28 0,24 0,32 0,32 0,28 0,22 
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8BAnnex II 
Main process data for the simulation of fuel ethanol production from lignocellulosics 
Feature Value 
Feedstock 
Composition 
 
Lignocellulosics: CCS, SCB, RH, EFB 
Pretreatment 
Agent 
Acid concentration 
Temperature 
Pressure 
Residence Time 
Dilute Acid 
H2SO4 
0.909 mg/g mix. 
170°C 
3 atm 
10 min 
Liquid Hot Water 
Water 
Autocatalytic 
220°C 
3 atm 
10 min 
Detoxification 
Agent 
Temperature 
Pressure 
Residence Time 
pH 
 
Ca(OH)2 
50 °C 
1 atm 
30 min 
11 
Enzymatic Hydrolysis 
Agent 
Temperature 
Pressure 
Residence Time 
pH 
Ratio Enzyme/Buffer 
Ratio Enzyme/Solid 
 
Cellulase (Celluclast 1,5L) 
60 °C 
1 atm 
96 hours 
4,8 
1:5 
1:10 
Fermentation 
Agent. 
Pre-inoculum 
Temperature 
Pressure 
Residence Time 
pH 
 
Z. mobilis ZM4 (pZB5) 
10% of fermentation volume 
33 °C 
1 bar 
48 hours 
4.4 
Separation 
Number of stages 
Reflux ratio 
Distillate to feed ratio 
Feed Stage 
Condenser 
Pressure 
Concentration 
10 
3 
0.0415 
5 (Above Stage) 
Total 
1 atm 
Rectification 
10 
3.5 
0.373 
5 (Above Stage) 
Total 
1 atm 
Ethanol dehydration 
Technology 
No. of units 
Temperature 
Pressure 
Cycle Time 
 
Pressure swing adsorption with molecular sieves 
2 
116°C 
1.7 atm (adsorption), 0.14 atm (desorption) 
10 min 
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